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ABSTRACT

A simple anaerobic digestion model has been developed for a continuously-stirred
tank reactor (CSTR), which links the specific biogas production rate to the
food/microorganism ratio (F/M). The model treats the various microbial populations
involved in the sequential biological processes involved in anaerobic digestion as a
composite and links the entire biomass specific growth rate directly to the specific biogas
production rate. The model was calibrated by determining the specific gas production
rate for a range of F/M values using a municipal wastewater seed sludge. The model
predictions for steady-state biogas production rates were compared to observed biogas
production and volatile solids destruction results from three laboratory-scale anaerobic
digesters that were operated at hydraulic retention times of 10, 15, and 20 days. The F/M
model results were shown to agree with reactor biogas output for 10, 15, and 20 day
hydraulic retention times to within 5.0%, 14.3%, and 9.5%, respectively. A commercial
wastewater treatment plant model, BioWin 3, was also used to model anaerobic digestion
as a comparison. Agreement for the BioWin 3 model results, as compared to the 10, 15,
and 20-day hydraulic retention time reactors, was within 66.2%, 114.1%, and 105.1%,
respectively. In all cases the BioWin 3 model over-predicted biogas output as compared
to the reactors.
A molecular biology method called RT-RiboSyn was developed to measure the
specific growth rate of microbial populations. RT-RiboSyn, is an ex situ method that
viii

utilizes a reverse transcription and primer extension (RT&PE) method to analyze the
rRNA extracted from a time series of samples treated with chloramphenicol. The method
measures the rate of ribosome synthesis over time through the increase in precursor 16S
rRNA (pre16S rRNA) relative to the mature 16S rRNA (16S rRNA). A single
fluorescently labeled primer that targets an interior region of both pre16S and 16S rRNA
for a distinct population is used to generate two pools of reverse transcription product.
The ratio of pre16S and 16S rRNA is then determined by separating these pools by length
using capillary electrophoresis, and measuring the fluorescent intensity of each pool of
fragments.
Results from three different log growth cultures of Acinetobacter calcoaceticus
indicate that RT-RiboSyn, as compared to spectrophotometer readings, was able to
predict specific growth rates within -3.1% to 10% and -3.3% to 21.0% when using a
primer targeting Eubacteria and Acinetobacter, respectively. The RT-RiboSyn results
from a stationary phase culture predicted no growth and possible 16S rRNA degradation.
Further work was completed to determine whether the RiboSyn method would
successfully measure growth rates of specific microbial populations in environmental
samples. The first of these was activated sludge from a high-purity oxygen system in a
wastewater treatment facility located in Tampa, Florida. The organism targeted was the
Acinetobacter genus, which was shown to be prevalent via fluorescence in situ
hybridization results. RT-RiboSyn results indicated that growth was not measureable for
the Acinetobacter present in the system; however, since the sludge was taken at the end
of the process, Acinetobacter may have been in stationary phase when the samples were
collected.
ix

Attempts were made to apply the method to methanogens in both pure culture and
anaerobic digester sludge samples. An analysis of samples of RNA from Methanosarcina
barkeri indicated that the presence of 16S rRNA could be measured; however, capillary
electrophoresis instrument limitations prevented the detection of pre16S rRNA
fragments. Additional testing of anaerobic digester sludge for both bacterial and Archaeal
population was successful for detecting 16S rRNA and possibly precursor 16S rRNA
fragments of a variety of lengths. However, specific growth rates could not be determined
for the Archaea present in these samples, either due to capillary electrophoresis
limitations or very slow growth rates. The results show that the RT-RiboSyn method is
applicable to pure cultures; however, a modification of the method is needed to overcome
the limitations apparent in populations with low specific growth rates.

x

CHAPTER 1: INTRODUCTION

Anaerobic digestion is a commonly used process for the treatment of wastes to
minimize their effect on the environment. Other than stabilized solids, one useful
byproduct is methane gas which can be used for energy production. In industrialized
countries, anaerobic digestion is commonly used for the treatment of municipal sludges
and industrial wastewater. This extends from large wastewater treatment facilities
treating millions of gallons of wastewater per day, to swine lagoons for treating animal
wastes, to septic tanks in rural areas not serviced by municipal sewage lines. Anaerobic
digestion processes are an important step in preventing environmental problems inherent
to the release of unstabilzed sludges or raw wastewater.
Engineers seek to understand and improve upon engineered processes, and anaerobic
digestion is no exception. There have been many anaerobic digestion models created in
past decades to aid in this effort, some of which will be described later. These models
range in their applicability from specific to broad in their treatment of anaerobic digestion
processes. While these models are designed well and have found use in research and
commercial modeling software, a model for a variety of anaerobic digestion processes
that is simple and easy to use would be beneficial.
In addition to a simpler model, the use of molecular biology methods could prove
helpful to the understanding of anaerobic digestion processes. The ability to determine
the specific growth rate of microbial populations in their environment without needing to
1

isolate them under laboratory conditions would aid in this goal. Such a method would
allow for the measurement of specific growth rates under a variety of conditions. These
growth rates would be useful in making anaerobic digestion models more accurate.
The following hypotheses were formulated during this investigation:

•

A simple anaerobic digestion model based upon the food to microorganism ratio
can be created to encompass the important kinetic parameters of the anaerobic
digestion process without specifically knowing the values of each parameter.

•

The model may be calibrated quickly around the specific feed source(s) and
sludge type of interest, and can give accurate predictions of biogas production.

•

The measurement of the specific rate of ribosome synthesis can be used to
determine the specific growth rate of a microbial population.

•

Since the current method to determine the specific growth rate of a microbial
population entails measuring the optical density of a pure culture in log growth
phase with a spectrophotometer, comparing the rate of specific ribosome
synthesis to this method may allow for a molecular biology method as an
alternative to the spectrophotometric method.

•

As determining the rate of ribosome synthesis requires the use of molecular
biology methods and oligonucleotide primers specific to the organisms of interest,
it may be possible to determine the specific growth rate of a distinct population in
a mixed environmental sample.

2

The approach to answering these questions entailed several experiments. A series of
laboratory-scale anaerobic digesters was operated for a lengthy period of time with daily
volumetric measurements of biogas production. These digesters were seeded with
municipal anaerobic digester sludge and fed with a blend of wastewaters from the same
municipal treatment plant. A series of anaerobic digestion batch reactors were operated at
a series of increasing food to microorganism ratios based upon the volatile solids content
of two feed streams and digester seed sludge. The biogas output from each reactor was
linked to the biomass present in each reactor, and the resulting data was used to calibrate
a simple F/M-based anaerobic digestion model. A commercially-available anaerobic
digestion model was also used to predict biogas output from the F/M model.
A molecular biology method was created to measure the specific rate of ribosome
synthesis as an analog to the specific growth rate of microbial populations. The method
was verified against spectrophotometric growth rate measurements with a pure culture of
bacteria. The method was then used to attempt to measure the specific growth rate of
distinct populations within wastewater samples.

3

CHAPTER 2: DEVELOPMENT OF A SIMPLE F/M-BASED ANAEROBIC
DIGESTION MODEL FOR CONTINUOUSLY-STIRRED TANK
REACTORS

2.1 Introduction to Wastewater Treatment
The modern wastewater treatment plant (WWTP) has become a standard urban
fixture, and has greatly reduced the impact of human waste on the environment. This is
accomplished by removing most of the oxygen demand caused by chemical and organic
wastes in the wastewater prior to its return to the environment. While there is a great deal
of variety in processes and equipment used at WWTPs, the basic processes are common
to most large plants. A typical process flow at a WWTP is shown in Figure 1, starting
with 1.) wastewater generated by homes and industry that is pumped via the wastewater
system to the WWTP. Once it has arrived at the plant, the waste water goes through a 2.)
grinder and bar screen to catch any large debris, followed by a grit chamber to allow for
any pebbles/grit to settle out of the wastewater. Following this settling, 3.) the primary
settling tank, or clarifier, allows for the separation of solid and liquid wastes. The liquid
wastes, which are rich in dissolved organic carbon and ammonia, are 4.) sent into the
aeration basin where the wastewater is aerated to allow for the bacterial oxidation of
organic matter and nitrification of the ammonia. In facilities with Biological Nitrogen
Removal (BNR), denitrification converts the nitrate to nitrogen gas which is
accomplished in either a separate reactor or by reconfiguring and altering redox
conditions in the aeration basin. Once completed, the 5.) wastewater is allowed to settle

4

in a secondary clarifier where biomass generated from the breakdown of the wastes in the
aeration basin is allowed to settle out of the liquid. A portion of this activated sludge is
recycled back to the aeration basin, and is called return activated sludge (RAS). The rest
of the settled sludge is wasted to the anaerobic digesters and is called waste-activated
sludge (WAS). The clarified water from the secondary clarifier is sent to a 6.) chlorine
contact chamber and/or an ultraviolet light disinfection process. This water can then be
released to the environment, often to other waterways, or used as reclamation water.
The settled sludge from the secondary clarifier is thickened 7.) by using a gravity settling
to thicken the solids prior to their pumping to the anaerobic digesters along with the 3.)
settled waste solids from the primary clarifier. The anaerobic digestion process 8.) is used
to stabilize the solid wastes to render them safe for disposal or use as a soil amendment.
A byproduct of this process is biogas, which is a mixture of methane and carbon dioxide
that can be flared off to the environment, or used as a fuel source to offset electrical costs
for the treatment process. Once the digestion is complete, the solids are dewatered 9.)
and allowed to dry so that it can be sent to a landfill, or possibly used for 10.) land
application as a soil amendment.

2.2 Anaerobic Digestion
Anaerobic digestion is used as a means of stabilizing wastes for release to the
environment, as well as generating a source of energy from methane gas. It is common
practice to use methane emissions from wastewater treatment plants and landfills to
produce energy to offset energy costs for these facilities. Besides the common use of
stabilizing sewage wastes, anaerobic digestion is also used for treatment of industrial
5

wastes such as from wineries and distilleries (Moletta, 2005), paper production, and
slaughterhouses (Rajeshwari et al., 2000).
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Figure 1. Simplified process schematic of a typical large wastewater treatment plant: 1.)
wastewater generation, 2.) grinder and bar screen to remove large debris, 3.) primary
settling tank to separate bulk of solid wastes from liquid wastes, 4.) aeration basin with
activated sludge for oxidation/nitrification, 5.) secondary clarifier, 6.) chlorine contact
chamber, 7.) gravity settling for WAS, 8.) anaerobic digestion, 9.) belt filter press and
stabilized solids drying, 10.) landfill disposal or land application.

Anaerobic digestion is also being used on farms for dairy (Ince, 1998) and other livestock
(Angelidaki and Ahring, 1993) wastes. Anaerobic digestion is even being used for
wastewater streams from multiple sources, such as with municipal wastewater
6

(Sosnowski et al., 2003). This research is focused on wastewater sewage sludge.
However, the findings could be applied to these various wastewater types.
Anaerobic digestion is a multi-step process by which organic solids are degraded and
converted to methane and carbon dioxide, commonly referred to collectively as biogas.
The organic solids consist of proteins, carbohydrates, and lipids, which are converted to
biogas through three sequential, metabolic stages as shown in Figure 2: a.) hydrolysis and
fermentation, b.) volatile fatty acid (VFA) oxidation and c.) biogas formation (Metcalf &
Eddy, 2003). The hydrolysis and fermentation stages involve the breakdown of the
organic components into short chain VFAs, such as propionate and butyrate. VFA
oxidizers break down these VFAs into acetate, hydrogen, and carbon dioxide. Acetogens
form acetate from hydrogen and carbon dioxide. During the biogas formation stage,
methanogens (acetoclastic and CO2 reducing) utilize the acetate, hydrogen, and carbon
dioxide to form methane. Acetoclastic methanogens split acetate into methane and carbon
dioxide.
Methanogens are a group of single-celled life that belong to the domain Archaea, and
are noted for their unusual coenzymes (Woese, 1987) that allow for the production of
methane. Methanogens are strict anaerobes (Balch et al., 1979), and are commonly found
in anaerobic environments such as peat bogs (Hales et al., 1996), marine sediments
(Hallam et al., 2003), soil (Leuders et al., 2001), hydrothermal vents (Dhillon, 2005), and
mammalian digestive tracts (Garcia et al., 2000). The methane emissions of ruminants
(such as cattle, sheep, and deer) represent approximately 15% of the total methane
emissions in the atmosphere (Moss, 1993).

7

Although in widespread use, anaerobic digestion is at times problematic due to
fundamental lack of understanding of the growth of the Bacteria and Archaea present in
digesters. Specifically, how operating conditions affect the growth of methanogens and
syntrophic bacteria in anaerobic digesters is not well understood. Methanogens perform
as a hydrogen sink for the hydrogen produced during acidogenesis, and under normal
conditions keep the partial pressure of hydrogen very low (Metcalf & Eddy, 2003). This
low partial pressure drives the fermentation reaction to produce more oxidized products
such as formate and acetate. However, there is a difference in growth rates between
acidogens and the slower growing methanogens. If there is a disruption to the hydrogen
utilization rates of the methanogens, then VFA buildup can reduce the pH in the digester
(Metcalf & Eddy, 2003). This "sour digester" situation will kill or slow the substrate
utilization rates of the microbial populations responsible for waste stabilization, and the
digestion reactions will slow or stop. Incorporating specific growth rates of organisms
responsible for these digestion processes in an anaerobic digestion model would be of
benefit in reducing the risk of a sour digester condition, as well as other changes within
the reactor.

8
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Figure 2. Sequential stages in the anaerobic digestion process: a.) Hydrolysis and
fermentation, b.) VFA oxidation, and c.) biogas formation
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2.3 Review of Anaerobic Digestion Models
There are several models available for the simulation of the anaerobic digestion of
wastewater solids and sludges. Some of these models focus on a specific component of
anaerobic digestion, such as microbial kinetics, while others attempt to encompass the
overall digestion process.
Kleerebezem and Stams (1999) discuss the microbial conversions that occur at close
to thermodynamic equilibrium, and the consequences of this condition on the kinetics of
reactions in anaerobic methanogenesis. The fermentation of butyrate was used as an
example. The major thrust of the paper is that, due to the metabolic network
stoichiometry, there is a coupling between the ∆G based balances in the cell and the
transfer of substrates and products in the catabolic and anabolic reactions (Kleerebezem
and Stams, 1999). The authors assume in their model that the ATP-consumption and
electron translocation are dependent on the cellular concentration ratio of ATP and ADP.
This model shows that using Monod-based kinetics to describe these conversions is not
feasible, since “substrate conversion and biomass growth are proposed to be uncoupled”
(Kleerebezem and Stams, 1999). They propose that this method has advantages over
Monod-based equations for describing substrate consumption. There are limitations,
however. One such limitation is the assumption that the electrochemical gradient across
the cell membranes is constant. Another is the omission of a term accounting for energy
used in cell maintenance. Due to the large number of assumptions and uncertainties
pertaining to biochemical processes, the model is not very suitable for engineering
purposes. Making it so would require simplified descriptions of microbial growth near
thermodynamic equilibrium. The authors conclude with the comment that anaerobic
10

fermentations occur at high rates and for extended periods of time with almost no energy
lost in the enzymatic conversions. They propose further research to investigate the high
efficiency of these organisms.
Hoh and Cord-Ruwisch (1996) investigated the inhibitory effects of end products in
biological systems, and the failure of the Michaelis-Menten model to account for these
inhibitory effects. As a result, reaction rates are often overestimated. Correcting this
model to account for end product accumulation usually involves incorporating a variety
of inhibition factors. However, the authors show that these factors are insufficient for
reactions close to thermodynamic equilibrium. In fact, several models investigated violate
thermodynamic laws under this condition due to endproduct concentrations. In order to
prevent this, the authors use a modified reversible kinetic model. Normally, the large
number of empirical parameters needed for a reversible model renders it impractical for
use. In this case, the authors simplify the model by using steady-state kinetics and
thermodynamic equations to make it practical for bioprocess modeling when close to
equilibrium. The model was comparable to the Michaelis-Menten model for highly
exergonic reactions, and was correct in its rate predictions when close to equilibrium. The
new model also accounted for all substrates and products, and so was able to predict the
inhibition effect resulting from multiple end products. The biggest drawback to this
model is that the authors assumed that microbial transformation will reach
thermodynamic equilibrium. The nature of biological systems dictates that often reactions
stop before equilibrium is reached. However, the authors believe that their model could
be used as an alternative to the Michaelis-Menten equation to improve existing complex
models.
11

Sanders et al. (2000) focused primarily on particle size and how it pertains to gas
production rate in anaerobic digestion. The authors described a Surface Based Kinetics
(SBK) model for the surface related hydrolysis kinetics of particulate substrates, using a
mathematical description of the kinetics with spherical particles. Experiments were
performed with starch substrates, obtained by blending fresh potatoes with distilled
water, and then sieving the mixture through two sieves (125 and 45 µm) to divide the
feed into two fractions of different particle sizes. A third particle size was obtained from
a vendor (Merck). Each group of particles was digested in anaerobic digesters (30° C)
with batch experiments. Hydrolysis was monitored via VFA and glucose analyses. At the
end of the experiment, it was found that the gas production rate is inversely proportional
to the particle diameter. The authors conclude that the hydrolysis rate is directly related to
the substrate surface area available. However, they also state that particle breaking should
increase the available surface area and thus increase the hydrolysis rate. Their experiment
showed that the hydrolysis rate decreased with prolonged digestion time, and therefore
the surface area available for hydrolysis must not equal the total surface area available.
They conclude the fine particles that are formed may not be totally available for
hydrolysis. Although the SBK model is limited to spherical particles, it accounts for
surface area whereas the empirical first order model does not. The authors state that kh
values (first order hydrolysis constants) taken from literature are not applicable for
anaerobic digester designs for complex substrates unless the substrate composition and
particle size distribution are both taken into account.
Valentini et al. (1997) sought to develop a reliable model for the anaerobic hydrolysis
of wastewater with high suspended solids content. Four kinetic equations were combined
12

(Michaelis-Menten, Biomass first order, Substrate first order, and Biomass half order) to
develop a new general equation that allows for more accurate modeling of hydrolysis. A
series of batch reactor tests were completed for model verification (stirred, 35° C) with a
substrate of cellulose particles of known diameter distribution (3-90 µm). It was assumed
that particles would degrade into smaller ones. The data from the experiments were fitted
by adjusting the degradation kinetics coefficients to yield equations that contain an “A”
parameter (between 0 and 1) and the particle diameter. The “A” parameter optimal
average value for their experiments was 0.42. The model essentially describes the
degradation kinetics of a given substrate under given conditions. The physical meaning
relates the increase in biomass concentration to the limited availability of substrate
surface, and is less than linearly proportional. The authors concluded that the “A”
parameter is likely related to the biodegradability of the substrate in question. For kinetic
studies, it is suggested that an appropriate “A” value is determined first.
Wastewater treatment modeling is not always targeting municipal treatment methods,
but can address wastewater generated by the food production industry. Batstone et al.
(1997) presented a kinetic model based on the anaerobic digestion of pig slaughterhouse
wastewater, where high rate degradation is difficult due to the presence of particulates
and fats. The authors expand upon an earlier carbohydrate degradation model (Costello et
al., 1991 expanded by Ramsay et al., 1994 to include protein degradation) to include the
degradation of particulates and fats. Particulates can be difficult to digest due to the need
for enzymatic degradation before fermentation, and fats can coat substrate granules and
decrease solute transport. In addition, particulate substrate can entrap biomass and cause
washout. These problems are addressed with a dynamic model that can help with the
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design and operation of anaerobic digesters for complex wastewater. The model was
validated via a sampling program with a two-stage anaerobic treatment plant (1200
m3/day). The first stage was an equalization/acidification plant, and the second a fixed
volume hybrid reactor. Variations in influent flow and concentration were used to
monitor plant performance. Three primary substrates consisted of soluble and insoluble
fats, proteins, and carbohydrates. Using the simulation package NIMBUS™ (Newell and
Cameron, 1991), the authors created a model that allowed for a flexible structure. A
series of measurements were rated for ability to quantify the ability of the model to
simulate the experimental data. These were (in order of importance): reactor biogas,
reactor feed acids (acetic, propionic, butyric, and valeric), and equalization pH. After
tuning the model, it was found that an average fit of 77% of the data could be achieved.
The model also showed that the VFA concentrations were the most important component
for the equalization tank since they are better indicators of influent overload. The model
also under-simulated gas flows when substrate loading was low. The authors recommend
verifying the model on similar digester plants; however, they maintain that the model is
well suited for design and optimization of plants for protein and fat based wastewater.
Vavilin and Lokshina (1996) created a model to analyze VFA degradation kinetics in
order to help create a new version of the generalized <METHANE> model, which was
described earlier in another paper (Vasiliev et al., 1993). The authors maintain that a
series of papers has shown that the sub-processes of anaerobic digestion (except for
hydrolysis) are adequately modeled by Monod kinetics. However, a variety of measured
values for Monod kinetic coefficients for VFA degradation in mixed cultures has led the
authors to use Haldane kinetics in a subprogram for the general model. Both the Monod
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and Haldane kinetics models were tested against experimental data from previous work
(Noike et al., 1985), where continuous-flow reactors were operated under a variety of
acetate-loading conditions. It was found that the model failed under high influent
concentrations of acetate due to the inhibition effects on both types of kinetics model. In
addition, the model failed to simulate the effluent acetate concentration, and a correction
was needed. The correction involved the addition of changeable half-saturation
coefficients to the Monod and Haldane functions.
Batstone et al. (2000a ; 2000b) created a model that is capable of simulating the
degradation of complex wastewater containing significant levels of proteins, fats, or
particulates. High-rate anaerobic digestion of these waste streams is desirable due to the
economic and environmental reasons; however, the lack of understanding of the
degradation mechanisms prevents widespread utilization of the process for these ends. A
set of equations for liquid phase, gas phase, physico-chemical reactions, and biological
activity are used. There are ten generic biological and three enzymatic groups using
different kinetic parameters to calculate degradation rates of various substrates. The rates
are dependent on substrate and biomass concentrations as well as pH and hydrogen
inhibition. Enzyme production rates are dependent on growth rates of the various bacteria
groups. The pH is determined by the physico-chemical reactions, which also determine
the gas-liquid transfer of carbon dioxide and the associated carbonate species. The
biological equations use Monod equations modified with hydrogen and pH inhibition.
Protein degradation is assumed to be controlled by coupled Strickland reactions, while
fatty acid fermentation occurs through β-oxidation. Bacterial inhibition due to long chain
fatty acids (LCFA) is not included in the model. Yield is assumed to be 10g per mole of
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ATP generated, and the bacterial decay rate is dictated by first order kinetics. Other
assumptions for the model include: reactor is a homogeneously mixed continuouslystirred tank reactor (CSTR), gas phases are ideal, residence times for all types of substrate
are equal, biological rather than diffusion reaction rates are limiting, temperature effect
on association constants are ignored, and some strong acids and bases are not included.
Also of note is the set of parameters that describe a group of species instead of a single
species in each bacterial group. The model was developed to be very flexible and
applicable to a variety of reactors and waste streams with minimal changes to the
biological kinetic parameters. However, the model is limited to a liquid environment.
The second part of this paper details the use of slaughterhouse effluent to estimate
parameters and validate the model. The reactor in this case is a two-stage hybrid upflow
anaerobic reactor that was close to a CSTR hydraulic condition. Data from the operation
of the reactor without recycle were used for parameter estimation.
The model allows for the influent to be split into the components of particulate/soluble
fats, proteins, and carbohydrates. Analyses of the influent were performed to determine
these concentrations, as well as VFA content and pH. A tracer study was also performed
to determine the hydraulic retention time of the reactor vessel. A variety of measurements
were required for parameter estimation including, soluble nitrogen and chemical oxygen
demand (COD) for protein and fat hydrolysis, effluent ammonia for amino acid
degradation, and reactor pH.
After parameter estimation was completed, model simulations revealed that particulate
matter accumulated in the reactor. This caused problems with overloading in the long
term. In addition, due to discrepancies in organic acid concentrations and soluble COD in
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the final experimental data set, the model simulations indicated that gas output was
diminished. The authors concluded that some of the organic acids were adsorbing onto
the surface of the biomass. This led to poor model performance because of an overprediction of the VFA concentrations in the acidification reactor when recycle was
included.
The limitations of this model are minor. It currently does not include any mechanism
for inhibition caused by LCFA or sulfide. However, the flexibility of the model will
allow their inclusion. The strength of this model is that it could be used for practical or
theoretical applications. It appears to be especially useful for predicting the formation of
intermediates during protein degradation.
In 1997, a modeling task group was formed at the 8th World Congress on Anaerobic
Digestion with the goal of developing a general model of anaerobic digestion (IWA
Anaerobic Digestion Modeling Task Group, 2002). Although there were many specific
models available to the industry, very few were used for practical applications. The group
aimed to develop a model that included several desired outcomes:
•

Increased model usage for plant design, optimization, and operation

•

Further development and validation studies to allow for model implementation in
full-scale plants

•

A common basis for further model development

•

Assist transfer of technology from research to industry
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In the end, the group desired to create a model that was a “standard” from which
operators and researchers could speak a common language to improve anaerobic
digestion.
This model, which the IWA called Anaerobic Digestion Model No. 1 (ADM1),
combined the work of several of the authors earlier efforts in anaerobic digestion
modeling. It combines biochemical and physico-chemical processes, as well as the
degradation of particulates to carbohydrates, lipids, and proteins. As these components
are hydrolyzed to sugars, amino acids, and LCFAs, and then follow steps for
acidogenesis and acetogenesis. The model then follows the reaction steps as described in
the introduction of this paper. All told, the model uses twenty-six dynamic state
concentration variables, and eight implicit algebraic variables per reactor vessel or
element.
There are three overall biological steps used in ADM1: acidogenesis, acetogenesis,
and methanogenesis, as well as extracellular disintegration and hydrolysis steps.
Hydrolysis in ADM1 is modeled using first order kinetics. For all intracellular
biochemical processes, substrate uptake is modeled with Monod-type kinetics. Biomass
death is modeled with first order kinetics, and dead biomass is maintained in the system
as particulate material of composite composition. The ADM1 model also takes the
following inhibition functions into account: pH, hydrogen, and free ammonia. The model
also uses physico-chemical reactions to account for any reactions not driven biologically.
These include liquid-liquid and gas-liquid reactions, as well as liquid-solid
transformations. The model does not include precipitation reactions. The three primary
gas components are carbon dioxide, methane, and hydrogen. Reaction kinetics for the
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model differs by process. The hydrolysis reactions are based on first order kinetics.
Acidogenesis is governed by Strickland reactions. Fatty acid degradation is determined
by β-oxidation.
The ADM1 model has a few limitations that could hinder its use in practical
applications. Modeling the liquid phase physico-chemical processes requires a
differential equation solver for the mass balance equation. There are a lot of kinetic rate
equations that require extensive investigation into the biological process in question. For
use in practice, the user would need to understand the kinetic parameters for the various
bacterial groups present in the reactor. This is not always practical at the plant level.
ADM1 probably lends itself better to research and development for this reason. However,
it is still a powerful tool that promises to spawn many improvements in anaerobic
digestion process development. The ADM1 model has been incorporated into water
modeling software packages such as WEST (Worldwide Engine for Simulation, Training,
and Automation, HEMMIS software, Belgium) and GPS-X (General Purpose Simulator,
Hydromantis, Canada), which will broaden the use of ADM1 among wastewater industry
professionals.
Vavilin et al. (2003) developed a model for the anaerobic degradation of municipal
solid waste in a 1-D bioreactor. The model includes pH adjustment and leachate
recirculation, and was developed to analyze the balance between polymer
hydrolysis/acidogenesis and methanogenesis. The model was validated with previously
published experimental data (Vasiliev et al., 1993).
The model is structured such that the rate-limiting steps are hydrolysis and
methanogenesis processes. To simplify the model, all of the transformation processes
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converting VFAs to methane are made into a single step in the model. Five parabolic
partial differential equations were used to model various concentrations of substrate in
the reactor (solid waste, total VFA, methanogenic biomass, and sodium) as well as the
methane production rate.
The model shows that methane production increases with specific liquid (leachate)
flow rate, and did not occur at all at zero recirculation rate. The higher flow rate
homogenizes the liquid phase and helps to prevent inhibition in the biological reactions.
Further modeling and comparison to published data showed that an initial period of nonmixing followed by an increase in mixing intensity is beneficial to methanogenesis.
Overall, the authors conclude that degradation time can be reduced if a balance between
hydrolysis and methanogenesis rates is reached. Conditions favorable to methanogenesis
are important in the early stage, followed by favorable conditions for hydrolysis in the
later stages. The reason for this is because of the reduced accumulation of VFAs allows
for hydrolysis/acidogenesis to proceed. The authors conclude that waste degradation and
methane production are improved when inhibitory factors are prevented early on in the
process by increasing the flow rate of leachate throughout the reactor.
Vavilin et al. (2004) demonstrated that a high concentration of food waste in
bioreactors can lead to inhibition of biodegradation due to a buildup of VFAs in the
absence of methanogenic populations. They suggest the addition of lean solid waste (nonfood) waste to provide sites for methanogens to be protected from rapid acidogenesis.
Combined with leachate recirculation, good rates of biodegradation can be achieved.
The authors combine the previous surface-related kinetics model (Vavilin et al.,
1996), along with the distributed model of solid waste anaerobic digestion (Vavilin et al.,
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2003) for an overall improved model. The surface-related model paper showed that the
Contois model (uses a single parameter to demonstrate the saturation of both biomass and
substrate) is just as good at fitting the data as the surface-related model. The basic
distributed model uses five parabolic partial differential equations as described previously
(Vavilin et al., 2003). Both grey and food waste degradation were modeled.
The data from grey waste degradation were fitted better by the Contois than first-order
kinetics. For the degradation of a mixture of rich (food) and lean wastes, a distributed
model with different hydrolysis rates was developed. It was shown that an initial
separation between food waste and inoculum in the reactor enhanced methane production
if the VFAs diffusing into the methanogenic areas were consumed efficiently. For those
areas in the reactor where biomass concentration was initially low and VFA diffusion
took place, methanogenesis was inhibited. By refraining from mixing early in the
degradation process, the inhibition can be avoided by allowing these low biomass
concentration areas to begin methanogenesis properly. This model should provide
adequate performance simulations of high-solids landfill bioreactors with leachate
recycling.
Parker (2005) examined the application of the ADM1 model to investigate several
advanced anaerobic digestion configurations. To do so, the model is applied to a variety
of existing data sets to test the predictive accuracy of ADM1 for this variety of anaerobic
digestion configurations. All of the data sets selected had used actual sludges from
municipal wastewater treatment plants. The large number of coefficients and constants
used by the ADM1 model prevented exact calibration of the model with the selected data
sets, so whenever needed the recommended model parameters were used. The data sets
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represented several digestion configurations, including: single-stage mesophilic
digestion, acid phase digestion, temperature-phased anaerobic digestion, and two-phase
digestion.
For the single-stage digestion, the ADM1 model over predicted the acetate
concentration at low SRTs, while under predicting the concentrations of the VFAs
propionate, valerate, and butyrate. ADM1 also predicted a 40% decrease in aceticlastic
methanogenesis at the lower SRTs due to increased concentrations of ammonia. Along
with incorrect assumptions of feed composition, this assumption about the methanogens
may have caused this predictive disparity.
The acid phase data set, when modeled with ADM1, showed under predictions of
organic acid concentrations at lower SRTs, and over predictions of the same at higher
SRTs. The originators of the data set observed methane production from the sludge at
higher SRTs, while ADM1 predicted no appreciable methane production. This could be
due to methanogens actually being less sensitive to pH than the pH inhibition functions in
the model predict.
The temperature-phased anaerobic digestion (TPAD) data set showed mostly steady
methane production and VFA concentrations at all SRTs tested. The ADM1 model
increasingly over predicted both methane production and VFA concentrations as SRT
decreased. The authors suggested that the reason for the inconsistencies may be found in
the biokinetic coefficients for temperature employed by ADM1. As suggested in the
ADM1 paper, a constant correction factor should be used for all microbial species
present, which would predict increased VFA accumulation at higher temperatures.
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For the two-stage anaerobic digestion data set, two SRTs were examined (3 and 7
days) for a two stage mesophilic reactor. The model under predicted VFA concentration,
pH, and ammonia concentration for the 3 day SRT, and over predicted these parameters
for the 7 day SRT. However, with the exception of the VFA concentration, the
predictions were close to the experimental results for the 7 day SRT reactor. It should be
noted that the reported ranges for experimental results were wide, so a rigorous
evaluation of the model in this instance is challenging.
The paper provides an evaluation of the ADM1 model with a variety of data sets from
experimental reactor operations, and has shown some predictive inconsistencies between
the model and experimental results. However, the use of suggested values for many of the
coefficients and constants used by the model may be a source for many of these errors.
As seen with the TPAD data, treating all microbial species the same with regards to
biokinetic constants may lend more inaccuracies to the ADM1 model.
A different approach uses an Adaptive Neuro-fuzzy interference system (ANFIS)
model, which is based on linguistic uncertain expressions rather than numerical statistical
or probabilistic methods (Cakmakci, 2007). The model was applied to primary settled
sludge from the Kayseri municipal WWTP in Turkey, which services a population of
approximately 700,000. The ANFIS model is used to predict volatile solid (VS)
concentration in the effluent and methane production. The independent input parameters
taken from the Kayseri data were pH, VS concentration, pre-thickened sludge flow rate,
and temperature. This predicted VS concentration is then used to predict methane
production. The results of the model indicated good agreement between predicted and
actual VS effluent concentration and methane production. It was found that all four
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independent input parameters were required to get good agreement between predicted
and actual effluent VS concentration. Accurate predictions of effluent VS concentration
then allowed for accurate predictions of methane production. What is remarkable about
this model is that accurate predictions of the effluent VS concentration and methane
production can be made without defining all of the complex reactions inherent to
anaerobic digestion. The author noted that the highly nonlinear structure of the ANFIS
model is what allows for the easy modeling of a complex system such as anaerobic
digestion. The approach is a novel one as compared to traditional models.

2.4 Model Review Conclusions
A lot of time and effort have gone into developing and testing models to better
understand the behavior of anaerobic digestion processes. Many of the early models
addressed very specific portions of the process, such as hydrolysis or fermentation. Later
models addressed the digestion of specific and often difficult to digest substrates, such as
particulate matter or fats. Variables such as surface area available for digestion were
included in these models. Other models were created for waste streams other than sewage
sludge. ADM1 was created to tie together a large number of models and their
contributions so that “one big model” could be available for research and operation
efforts. Later models, such as ANFIS, take a different modeling approach altogether to
avoid the complexity of the reactions inherent to anaerobic digestion.
Clearly, as computing advances make complex calculations more efficient, the depth
and power of these models is increasing. Using them to test new reactor designs and
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processes prior to actual construction should make for better designs and shorter startup
times. However, it is important to develop models for people other than researchers. A lot
of the models published in scientific and engineering journals are simply too complex
and unwieldy for average plant manager and operator. A simple anaerobic digestion
model that requires a short list of process inputs might be a welcome tool for wastewater
treatment plant personnel and others.

2.5 Model Development
2.5.1 Model Concept
While there are many anaerobic digestion models available, one concern is that many
of these models are quite complex and may be difficult to calibrate. Some of the models
are very specific in their application, and some attempt to be as encompassing of
anaerobic digestion as possible. Both approaches are worthy goals, and find their
applicability in a variety of anaerobic digestion processes. However, these models might
have difficulty with rapidly changing conditions in a reactor. Should the feed stream(s)
change quickly, or sludge condition be altered, a model could quickly become unreliable
as a method of process analysis. The more complex the model, the more demand exists
for accurate measurement of parameters. If conditions change quickly, so might the
parameters upon which a model is based.
Must a model be complex in order to accurately capture reactor performance?
Complex analysis is often a more suitable activity for researchers than for process
operators and engineers. In the business of wastewater treatment, decisions sometimes
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need to be made quickly. Suppose a situation demands changing the ratio of PS to WAS
being fed into an anaerobic digester and a decision must be made quickly. Or perhaps a
new feed type needs to be introduced, such as a high-fat or high-fiber feed type. Perhaps
a load of toxic material has been released upstream and it is necessary to determine
possible effects on the digester operation. Is it possible to create a model that is simple to
operate and set-up according to changing conditions, and yet require fewer explicit
parameters?
Designing a simple model that uses fewer inputs requires determining those inputs
that are most important during the operation of an anaerobic digester. In the interest of
simplicity, the model was designed to use feed inputs, microbial growth, and biogas
output, which were considered to be the variables that have the most impact on an
anaerobic digestion process.
During early bench-scale reactor work, a hypothesis was tested that led to the
development of this model. When combining wastewater with anaerobic digester sludge
at increasing ratios of food (wastewater) to microorganisms (digester sludge) in small
reactors, the biogas output was found to increase on a per-gram of biomass basis. In other
words, it appeared that when the biomass was exposed to greater concentrations of usable
substrate per unit of biomass, the organisms were creating more biogas per gram of
microorganisms. It became apparent that the food to microorganism ratio (F/M) could be
an important consideration in anaerobic digestion modeling.
As discussed previously, the purpose of anaerobic digestion is to remove the oxygen
demand from wastes prior to their release to the environment. This is accomplished via
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the microbial consumption of the constituent substrates of the wastewater. Earlier work
by Monod describes the expressions for this behavior (Monod, 1942, 1949):

(1)

where rsu is the rate of change in substrate concentration from utilization (g/m3·day), k is
the maximum substrate utilization rate (g substrate /g of organisms·day), X is the biomass
concentration (g/m3), S is the growth-limiting substrate concentration (g/m3), and KS is
the half-velocity constant, substrate concentration at half the maximum specific substrate
utilization rate (g/m3). A variation of this equation can utilize the specific biogas
generation rate as the specific substrate utilization rate, and the F/M as the substrate
concentration. This relation can be linearized to generate equations for the wastewater
substrate utilization rates of interest:

(2)

where q is the specific biogas generation rate (ml biogas/g biomass·day), qmax is the
maximum specific biogas generation rate (ml biogas/g biomass·day), KS is substrate
concentration at half of qmax (g/mL), and S is the substrate concentration (g/mL).
A model built on this principle may be used for any food and any sludge source rather
than limiting it to domestic wastewater-fed digesters. However, since anaerobic digesters
are most commonly used for domestic and municipal wastewater treatment, the initial
work done to create a model was focused there. Since continuously-stirred tank reactors
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(CSTR) are prevalent in the wastewater treatment industry, an F/M-based model was
created for use with CSTRs.

2.5.2 Model Nomenclature
The following symbols are used with the model description, and are selected using
guidelines previously published (Corominas et al., 2010).
d
FPS, FWAS
FMP, FMW
GFD

hydraulic retention time (time, days)
degradable fraction of the incoming feed, for PS (FPS) and WAS (FWAS)
food to microorganism ratio, for PS (FMP) and WAS (FMW)
volume of biogas per mass of feed destroyed, for PS, WAS, and biomass
(mL biogas g-1 feed destroyed)
GPS, GWAS, GD biogas production rate, for PS (GPS), WAS (GWAS), and biomass decay
(GD)
(volumetric flow rate, mL d-1)
total biogas production rate (volumetric flow rate, mL d-1)
GTOT
specific biogas generation rate from PS (qP) and WAS (qW), (mL biogas
qP, qW
per day per gram of microbial biomass)
incoming degradable feed, for PS (SPS) and WAS (SWAS) (mass, g)
SPS, SWAS
non-degradable feed, for PS (SUP) and WAS (SUW) (mass, g)
SUP, SUW
STVSP, STVSW total volatile solid content of incoming feed, primary sludge (STVSP) and
WAS (STVSW)
(mass, g)
Xa
total active microbial biomass (mass, g)
fraction of daily microbial mass lost to decay
XD
newly grown microbial biomass (mass, g)
XG
wasted microbial biomass (mass, g)
XW
XWPS, XWWAS wasted degradable feed, for PS (XWPS) and WAS (XWWAS) (mass, g)
XWUP, WWUW wasted non-degradable feed, for PS (XWUP) and WAS (WWUW) (mass, g)
digested feed, for PS (XDP) and WAS (XDW) (mass, g)
XDP, XDW
yield, growth of microbial biomass per gram of primary sludge (YP) and
YP, YW
WAS (YW)

2.5.3 The F/M-Based CSTR Model
The Continuously-Stirred Tank Reactor (CSTR) model consists of five distinct
components: degradable feed (S), non-degradable feed (SU), microbial growth (XG), food
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to microorganism ratio (FM), and biogas production (G). Each of these components, with
the exception of microbial growth, is divided into primary solids (PS) and waste activated
sludge (WAS) streams. Figures 3, 4, and 5 illustrate these processes and how they relate
to one another within the model. The symbols used on these three figures were selected
as a simple process flowchart of the feed processes based on symbols used in the
STELLA modeling program (v. 6.0.1, HPS, Inc., Lebanon, NH), which was used to
create the mathematical model. When using the model, the following inputs are used:
initial mass of each type of volatile solids (PS and WAS), initial biomass, degradable
fraction of each type of solids (PS and WAS), yield, hydraulic retention time (HRT), and
the specific biogas production rates for each feed stream (PS and WAS).
Figure 3 shows the process used for digestion and wasting of both primary and wasteactivated solids. As feed enters the reactor, it is modeled as degradable and nondegradable solids. The degradable feed is the volatile fraction of the total mass of each
feed type entering the reactor as determined by solids testing. The remaining solids are
non-degradable.
The equations governing the feed digestion and wasting processes for the degradable
and non-degradable feed streams are described below. Equations 3 through 8 are used for
the degradable PS and WAS streams, whereas Equations 8 through 11 are for the nondegradable PS and WAS feed streams.
Equation 3 shows that the degradable PS feed stream (SPS, grams) is the product of the
total volatile solids content of the incoming PS feed (STVSP, grams) and the degradable
fraction of the PS feed (FPS):
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SPS = STVSP * (FPS)

(3)

Similarly, the degradable WAS stream (SWAS, grams) is a product of the total solids
content of the incoming WAS feed (STVSW, grams) and the degradable fraction of the
WAS feed (FWAS) as shown in Equation 4:

SWAS = STVSW * (FWAS)

(4)

The wasted streams are also divided by PS and WAS fractions.
The wasted PS stream (XWPS, grams per day) is the difference between the incoming
PS feed and the digested PS feed (XDPS, grams), divided by the hydraulic retention time
(HRT, days), as shown in Equation 5:

XWPS = (SPS - XDP)/HRT

(5)

The wasted stream for the WAS (XWWAS, grams per day) is calculated in the same
way; where the difference between the incoming WAS feed and the digested WAS feed
(XDW, grams) is divided by HRT, as shown in Equation 6:

XWWAS = (SWAS - XDW)/HRT

The remaining degradable feed that is not wasted is used to calculate F/M.
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(6)

STVSP

FPS

SUP

XUP

XWUP

SPS

XP

XWPS

FMP

XDP

GPFD
XG

Xa
XDW

FMW

FWAS

STVSW

HRT

GPFD

SWAS

XW

XWWAS

SUW

XUW

XWUW

= Inventory

= Process Parameter

= Material Flow

= Input/Output Flow

Dashed lines indicate a process found in another figure

Figure 3. Process flowchart of PS and WAS digestion and wasting processes.

The digested feed per each feed type is determined by Equations 7 and 8. Equation 6
shows that digested primary solids (XDP) are the quotient of the gas production from the
digestion of primary solids (GPS, mL) and the volume of biogas per mass of feed
destroyed (GFD, mL biogas per gram of feed destroyed) as determined by stoichiometric
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calculations (see Appendix A-1) for anaerobic digestion processes (Rittmann and
McCarty, 2001):

XDP = GPS/GFD

(7)

Equation 8 shows the same determination of the digested waste-activated solids (FDW,
grams) as the quotient of the gas production from digestion of WAS (GWAS) and the GFD:

XDW = GWAS/GFD

(8)

Non-degradable feed consists of those components, such as inorganic solids and inert
solids, which do not factor into the F/M ratio. The non-degradable solids are included in
the model so that their buildup can be monitored and used to determine total solids in the
reactor, and are governed by Equations 9 through 12. These too are split into PS and
WAS streams.
Equation 9 shows the determination of the non-degradable mass of the incoming PS
feed stream (SUP, grams) to be the product of the STVSP and the remaining non-degradable
fraction of the PS feed stream (1- FPS):

SUP = STVSP * (1 - FPS)
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(9)

Equation 10 is the calculation for the non-degradable mass of the incoming WAS
stream (FUW, grams) is also the product of the STVSP and the remaining non-degradable
fraction of the WAS feed stream (1- FWAS):

SUW = STVSW * (1 - FWAS)

(10)

Much the same way as determined for the wasted degradable feed streams, the wasted
non-degradable feed streams are split between PS and WAS feed streams. The wasted
non-degradable PS stream (XWUP, grams per day) is the quotient of the incoming nondegradable PS stream (SUP, grams) and the HRT as shown in Equation 11:

XWUP = SUP/HRT

(11)

Equation 12 shows the calculation for the wasted non-degradable WAS stream
(WNDFW, grams per day) as the quotient of the incoming non-degradable WAS stream
(FINDW, grams) and the HRT:

XWUW = SUW/HRT

(12)

The second major component of the CSTR F/M model deals with the microbial
population of the digester sludge. Microbial mass and growth are largely affected by two
variables: initial mass of the digester sludge, and the yield (Y). The initial mass is
determined by volume and the volatile mass concentration of the digester sludge. Yield
33

determines the new microbial mass per time step of the HRT. The wasted mass of
microbes is also determined by the HRT.
Figure 4 shows a flowchart of the microbial growth, wasting, and decay processes.
The microbial biomass density is governed by Equations 12 through 14. New microbial
biomass is considered to be the microbial mass grown (grams) as a result of the digestion
of the PS and WAS feed streams (grams), and is represented by the yield fractions YP and
YW, respectively.
Equation 13 controls the addition of new microbial biomass, and is split into two
products representing the digested PS and WAS feed streams:

XG = (YP * XDP) + (YW * XDW)

(13)

Equation 14 shows how the wasted biomass (XW, grams per day) is determined, and is
the quotient of the total active biomass (Xa, grams) and the HRT:

XW = Xa/HRT

(14)

The decay of biomass (XD, grams per day) is determined by Equation 15, and is the
product of Xa and the decay rate coefficient (KD, day-1):

XD = Xa * KD
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(15)

The remaining degradable feed and dynamic mass of microbes in the sludge is used to
determine the F/M ratio.

FMP
GFD

XDP

YP
XG

GFD

XDW

FMW

Xa

XW

YW
XD

= Process Parameter

= Inventory

= Input/Output Flow

= Material Flow

Dashed lines indicate a process found in another figure

Figure 4. Process flowchart of microbial growth, wasting, and decay processes.

Equations 16 and 17 determine the F/M ratios that directly affect the model biogas
production via the Specific Biogas Generation tests. Equation 16 calculates the F/M with
regards to the PS (FMP), and is the quotient of degradable PS feed stream and the total
microbial mass:

FMP = SPS/Xa
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(16)

Equation 17 is used to determine the F/M with regards to the WAS (FMW), and is the
quotient of degradable WAS feed stream and total microbial mass:

FMW = SWAS/Xa

(17)

The remaining process in the model is biogas production process, and a flowchart of
this process is shown in Figure 5. The biogas production rate is determined by the F/M
ratio in conjunction with the specific biogas generation rates. As the F/M ratio changes
during model operation, the biogas production rate changes accordingly.
Biogas production is determined by Equations 18 through 23. As the specific biogas
generation for each feed stream is integral to the determination of the volume of biogas
produced, these relations for the PS and WAS are represented by Equations 18 and 19,
respectively.
Equation 18 is based on Equation 2 and shows the specific biogas generation rate for
the PS stream (1/qP), where (KS/qmax)P is slope of the curve, and (1/qmax) is the yintercept:
1/qP = (KS/qmax)P (1/S) + (1/qmax)

(18)

Equation 19 shows the specific biogas generation rate for the WAS stream (1/qW),
where (KS/qmax)P is slope of the curve, and (1/qmax) is the y-intercept:

1/qW = (KS/qmax)W (1/S) + (1/qmax)
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(19)

qP
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XD

XDP

GPS
GTOT

XDW
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= Process Parameter

= Inventory

= Input/Output Flow

= Material Flow

Dashed lines indicate a process found in another figure

Figure 5. Process flowchart of biogas production.

Equation 20 is used to determine the gas production rate from digestion of PS (GPS,
mL biogas per day) using the factors from Equation 18, and is the product of the qP (mL
biogas per day per gram of microbial biomass) and Xa:

GPS = qmax * (FMP/KS+FMP) * Xa
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(20)

Equation 21 shows how the biogas determination for the digestion of WAS (GWAS,
mL biogas per day) is calculated, and is the product of the qW (mL biogas per day per
gram of microbial biomass) and Xa:

GWAS = qmax * (FMW/KS+FMW) * Xa

(21)

As decaying microbial biomass lyses to return the interior contents of the cells to the
sludge, this new substrate becomes available for biogas production. This is shown in
Equation 22, wherein the biogas production due to microbial decay (GD, mL biogas per
day) is the product of GFD (mL biogas per gram of feed destroyed) and microbial decay
(XD, grams):

GD = GFD * XD

(22)

Finally, the total daily biogas production rate (GTOT, mL biogas per day) is shown in
Equation 23, and is the sum of GPS, GWAS, and GD, or simply the sum of equations 20
through 22:

GTOT = GPS + GWAS + GD

(23)

This summation is simply used for reporting purposes in the model. The full code for
the model from the Stella software package is presented in Appendix A-2.
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Figure 6 shows the material flow and mass balance of the model using the name of the
parameters given by equations 3 through 23.

GPS, GWAS, GD

S, SU, Xa, XG
SPS
SWAS
SUP
SUW

XDP, XDW, XD
Figure 6. Mass balance and material flow of the model reactor.
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XWPS
XWWAS
XWUP
XWUW
XW

2.6 Methods and Materials

2.6.1 Specific Biogas Generation Test
The model is flexible in that it incorporates the biogas generation per gram of biomass
of the actual sludge of the reactor being modeled. This is accomplished via the
determination of the specific biogas generation (SBG) for PS and WAS. This is done by
using a series of bench-scale anaerobic digesters that contain mixtures of wastewater and
digester sludge at increasing levels of F/M. The F/M ratios in the reactors follow a
progression of 1:1, 2:1, 4:1, 8:1, and 16:1 so that a wide range of mixture possibilities is
covered. Biomass is determined by measuring volatile solids content of the digester
sludge.
Due to the differences in their constituents, specific biogas generation data were
determined for both primary sludge (PS) and waste-activated sludge (WAS)
independently. Digester sludge and feed wastewater (PS or WAS) were mixed for a range
of F/M (1:1, 2:1, 4:1, 8:1, and 16:1) based on volatile solids in sealable 50 mL serum
bottles with a working volume of 40 mL. The serum bottles were placed in a shakerincubator (35°C) for four hours, constantly shaken at 120 rpm. Each bottle was fitted
with a butyl rubber stopper and an aluminum cap to allow for syringe needle puncture for
biogas volume measurement. The volume of the biogas generated in each serum bottle
was measured by water displacement, and was used to determine the specific biogas
production rate (Equation 2).
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2.6.2 Sludge Characterization
Anaerobic digester sludge, primary sludge and waste-activated sludge were collected
from the Glendale Street Wastewater Reclamation Plant in Lakeland, FL. The Lakeland
facility is a 13.7 MGD wastewater treatment plant with activated sludge and anaerobic
digestion processes. In 1987, a 1400 acre artificial wetlands treatment system became the
primary discharge point for treated effluent, with a annual average flow to the wetlands
of 8 MGD. The anaerobic digestion process is a two-stage process with two 750 thousand
gallon tanks, each having a 15-day hydraulic retention time (B. Kruppa, personal
communication, October 13th, 2011).
At the time of sampling, the Lakeland plant was feeding only primary sludge to the 2stage mesophilic digester. For the laboratory-scale anaerobic digesters used to verify the
model, PS and WAS were blended in a dry solids ratio of 1.79:1 (PS/WAS) to simulate a
typical blended feed for anaerobic digestion (Griffin et al, 1998). Table 1 shows a
summary of the calculated and assumed parameters for the F/M model as applied to the
bench scale reactor system used in this study.
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Table 1. Measured and calculated model parameters for the F/M CSTR model.

Model Parameter
Measured
Parameters

Daily feed blend
10-day HRT
15-day HRT
20-day HRT

Calculated/Set
Parameters

Biomass fraction of inoculum
Biomass decay rate coefficient
Biogas per gram of feed
destroyed
Yield (Y)
Yield (Y)
Degradable fraction of
volatile solids
Model time step
References: (1) Arnaiz et al.(2006)
(2) Siegrist et al. (2002)
(3) Rittmann McCarty (2001)

Type
Total solids
Volatile solids
PS loading rate
WAS loading rate
PS loading rate
WAS loading rate
PS loading rate
WAS loading rate

Value
0.186 g
0.157 g
1.22 g VS L-reactor-1 d-1
0.91 g VS L-reactor-1 d-1
0.81 g VS L-reactor-1 d-1
0.61 g VS L-reactor-1 d-1
0.61 g VS L-reactor-1 d-1
0.46 g VS L-reactor-1 d-1
0.1
(1)
-1
RD
0.1 d
(2)
803 mL biogas g-1 feed
GFD
destroyed
(3)
PS
0.1 d-1
(4)
WAS
0.1 d-1
(4)
0.7, 0.5
FPS, FWAS
(5), (6)
5 minutes
(4) Metcalf and Eddy (2003)
(5) Pasztor et al.(2009)
(6) Kabouris et al. (2008)

2.6.3 Laboratory-Scale Anaerobic Digesters
Three laboratory-scale anaerobic digesters were operated with HRTs of 10, 15, and 20
days using anaerobic digester sludge collected from the Glendale Wastewater
Reclamation Plant in Lakeland, FL as the inoculum. The operation was semi-continuous,
with daily maintenance that included: biogas volume measurement, removal of waste
sludge, and the addition of new blended feed. The reactors were operated for a total of 60
days in order to show results for at least three HRT per reactor.
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The feed for the reactors consisted of a blend of PS and WAS from the Lakeland
plant. After blending, the total solids content was determined to be 2.33% with a volatile
solids content of 84.1%. Table 2 shows the results of the total and volatile solids content
for the PS and WAS separately, as well as after blending. The feed blend was partitioned
into small quantities and frozen at -20°C. Small quantities of this blended sludge were
kept thawed for use a daily feed sludge for the laboratory-scale anaerobic digesters.
The laboratory-scale anaerobic digesters were a series of 50 mL serum bottles with
rubber stoppers and aluminum crimp caps. The liquid volume in each bottle was 40 mL,
and the remaining headspace was about 10 mL. For ease of daily feeding and wasting, 8
mL of feed blend was fed to each reactor series, which determined the total volume for
each reactor series. As a result, the total volumes for the 10, 15, and 20-day HRT reactor
series were 80 mL, 120 mL, and 160 mL of digester sludge, respectively. Biogas output
is on a per-liter of sludge basis.

Table 2. Total and volatile solids concentrations from primary, waste-activated, and
blended sludges used for all experimental work.

Sludge Type
PS
WAS
Blended Feed

TS (%)
3.47
1.41
2.33

VS (% of TS)
84.5
78.7
84.1

All reactors were incubated at 35°C and shaken constantly at 120 rpm. Biogas volume
was measured directly from each reactor by water displacement.
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In order to maintain the HRT, sludge was wasted daily from each reactor and the
remaining sludge was mixed with fresh feed. After feeding, the headspace for each
reactor was flushed with an anaerobic mixture of gases (20% CO2: 80% N2). Laboratoryscale reactors were operated for sixty days, to allow for at least three HRTs for each
reactor. After sixty days of operation, the solids content of the anaerobic digester sludge
was determined (American Public Health Association, 1999).

2.6.4 Analytical Methods
Total and volatile solids analysis was performed using Method #2540 (American
Public Health Association, 1999). The equipment used was a Fisher Scientific 3511 FS
drying oven (Fisher Scientific, Hampton, NH), a Thermo Scientific Model 48000 furnace
(Thermo Scientific, Waltham, Mass.), and a Denver Instrument APX-60 precision
balance (Denver Instrument, Bohemia, NY). Sludge pH was measured using an Oakton
pH/°C/Ion/mV meter (Oakton Instruments, Vernon Hills, IL). Biogas volume was
measured via a buffered water displacement system.

2.6.5 BioWin 3 Anaerobic Digestion Modeling Software
The results from the F/M model were compared with a published commercial model.
The software chosen was the BioWin 3 model (v. 3.1, EnviroSim Associates, Ltd.,
Hamilton, Ontario), which is a dynamic full treatment plant model and simulation
package with a variety of process modules to allow for a great deal of versatility. In this
case, the module used was the anaerobic digestion process module. A simple model was
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created using the anaerobic digestion module with split feed streams consisting of PS and
WAS.
The digester volume was set to 100 liters due to modeling constraints, and the biogas
output reported on a per-liter of digester sludge basis. Feed input was set to the same
values as used with the experimental reactors, which in turn determined the model HRT.
Temperature was also set to 35° C as was the case for the experimental reactors. The time
step for the model was set to 5 minutes. Yield and decay coefficients are broken out by
organism type whereas the F/M model treats the microbial biomass as a composite. These
values were not changed in the BioWin 3 model, since the rates in the BioWin 3 model
included not only methanogens but fermentative bacteria yield rates.
The BioWin 3 anaerobic digestion model uses dozens of parameters to simulate the
process, any of which can be modified by the user. As the F/M model was set up for
simple operation without having to measure or calculate most of these parameters, the
BioWin 3 model was operated with the seed values that are pre-set in the model. These
parameters were input from a variety of published sources by EnviroSim Associates.
EnviroSim has noted that the ADM1 model (IWA Anaerobic Digestion Modeling Task
Group, 2002), while a comprehensive anaerobic digestion model, was too limited to be
included into a plant-wide simulation software package.
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2.7 Results and Discussion

The discussion of results will first address the Specific Biogas Generation tests,
followed by the experimental reactor results as compared to the F/M model and BioWin 3
model predictions.

2.7.1 Specific Biogas Generation Test
The results of the SBG tests of the PS and WAS are shown in Figure 7. The linearized
plots of 1/q versus 1/(FM) show curves for PS and WAS as described previously
(Equation 2). A linear regression was used with each set of data to determine the
equations for each line. The R2 values for the PS and WAS lines are 0.994 and 0.867
respectively, indicating a good fit to both sets of data. Equation 24 is the linear regression
equation for the PS test:

1/qP = 0.0101*(1/FMP) + 0.00007

(24)

where the values for qmax = 14285.7 and KS = 144.3. Similarly, Equation 25 is the
regression equation for the WAS test:

1/qW = 0.0163*(1/FMW) + 0.0006

(25)

where the values for qmax = 1666.7 and KS = 27.2. There is a significant difference
between the qmax values for PS and WAS, which is supported by previously published
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data (Pavlostathis and Gossett, 1986). The biomass content of the inoculum was assumed
to be 10% of the volatile solids (Arnaiz et al., 2006). Since the Lakeland digesters were
only fed with PS, the remainder of the volatile solids in the digester sludge was assumed
to be from PS only and was added to the total PS volatile solids for correction of F/M.
The WAS specific biogas generation determination was treated differently in this respect,
with the PS present in the inoculum disregarded in the F/M determination. However, the
portion of the biogas output due to the PS as determined by a mass fraction of the total
feed solids was subtracted from the total biogas output for the WAS test.
The 1/q from Equation 2 was determined with the assumed biomass and biogas output
from the serum bottles in each of the tests. Both 1/q (PS and WAS) were further modified
by subtracting the biogas output due to the assumed microbial biomass decay rate
(0.1 d-1) (Siegrist et al., 2002) during the duration of the test.
These calculations were made for each of the five reactors in the PS and WAS tests,
and plotted vs. the respective corrected 1/(F/M) value. A regression analysis was
performed and trend lines fitted to the data to determine the values of qmax and KS for the
specific biogas generation for the digestion PS and WAS.
This method was simplified due to the lack of WAS in the digester sludge; however, if
the model is set up for digesters running both feed types, the initial conditions will
require an iterative process to determine the initial feed solids load. Software packages
that can do such iterative calculations would be beneficial in such applications.
As Equations 24 and 25 indicate, the actual biogas generation due to WAS is low as
compared to the biogas output due to the degradation of PS. The digestion of WAS is
difficult due to the hydrolysis of the waste being a rate-limiting step, which requires
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longer retention times to degrade the waste (Eastman and Ferguson., 1981). Another
possible contributor to the decreased biogas production is that the Lakeland digesters not
being used to digest WAS at the time, and therefore the microbial populations may be
less acclimated to digest WAS. This insensitivity to WAS will lead to a buildup of WAS
in the reactor due to decreased digestion rates. Adding to the difficulty in digesting the
WAS, the Lakeland plant does not use any sort of pretreatment steps for WAS streams
prior to digestion. Pretreatment of WAS is commonly used to improve WAS utilization in
anaerobic digesters. In the cases of thermal pretreatment (Haug et al., 1978) or ultrasonic
pretreatment (Tiehm et al., 2001), biogas production and solids digestion can be
significantly improved. The SBG test could be a simple and useful approach to quickly
evaluate the effectiveness of WAS pretreatment strategies.
The versatility of the SBG test lends itself to use with other feed types, such as animal
and dairy wastes, as well as other organic wastes not typically treated at a wastewater
treatment plant. As long as the volatile solids content is known for the feed and seed
sludge, the test can be operated as has been done in this work. Due to the short operation
time of the test, however, some waste streams may not be degradable enough to generate
correct specific biogas generation rates as compared to a long term digestion of said
wastes. The SBG test captures the degradability of readily-degradable substrates. For
some applications, periodic repetitions of the SBG may be needed to recalibrate the
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WAS

Figure 7. Specific biogas production rates that characterize PS () and WAS (n)
digestion using seed sludge from a full-scale anaerobic digester. The equations for the
linear regressions shown are Equations 24 and 25 for the PS and WAS data, respectively.
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model as conditions in the digester changes. The test would also be helpful in assessing
the effects of an digester upset event, and be useful in determining a course of action to
recover the normal operation of the digester.
Further examination of the Equations 24 and 25 also indicates that as F/M increases,
the biogas generation rate increases as well. Since the biogas generation rate is dependent
on microbial biomass, the increase in biogas production rate suggests that the microbial
specific growth rate (µ, day-1) is increasing as F/M increases. Taking this into account,
this model may be useful for processes with higher F/M values; such as in plug flow
reactors (PFR) with recycle.

2.7.2 Laboratory-Scale Anaerobic Digesters as Compared to the F/M Model
Daily biogas production rates (BPR) for the three reactors are shown in Figure 8. The
BPR of the 10-day HRT reactor began to decrease after the second retention period until
the end of the experiment, indicating some changes in the reactor. The 15-day and 20-day
reactors exhibited small increases in the average daily BPR until the end of the
experiment. The 10-day HRT reactor demonstrates a longer term reduction in the BPR,
which may be explained by microbial population changes, a buildup of recalcitrant
wastes, or the reduction in pH due to accumulation of volatile fatty acids.
However, the final pH of each of the three reactors was near neutral at 6.70, 6.77, and
7.04 for the reactors operated at 10, 15, and 20-day HRT, respectively, which suggests
that VFA did not accumulate and impact pH significantly.
The biogas production rates of the laboratory-scale reactors and the model results, as
well as the percent difference between both values, are provided in Table 3. Data are
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reported for each HRT period. Operating the reactors for a total of 60 days allowed for at
least three HRT periods for each reactor.
In the first HRT period for the 15-day and 20-day HRT reactors, the F/M model overpredicts the biogas production rates as compared to the experimental production rates by
30% in both reactors. This is likely due to the assumed residual PS in the inoculum being
different from the actual residual PS in the inoculum. F/M model predictions for the three
reactors show the 15-day and 20-day HRT reactors reaching steady state in the second
retention period, while the 10-day HRT reactor reaches it in the first retention period. The
initial F/M for the 10-day HRT reactor are closer to the steady state F/M value as
compared to the other reactors, allowing for a faster attainment of steady state biogas
production.
For F/M model calculations, the feed solids are modeled as not completely
degradable; just as in actual anaerobic digesters. However, the SBG equations (Equations
24 and 25) are generated over a short period of time (4 hours), so it unlikely digestion of
anything other than readily-digestible substrates and intermediates is occurring. The
digestible fraction of the feed streams is adjusted in the model to a level that creates the
best agreement between the model and the reactors. For these experiments, it was found
that a digestible fractions of 0.7 and 0.5 for the PS and WAS, respectively, provided good
agreement.
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Figure 8. Daily biogas production rates from reactors (u), and predictions from the F/M
model (n) for 10, 15, and 20-day HRT reactors.
52

Table 3. Comparison of experimental reactor and model biogas production rates (mL
biogas per liter sludge per day) for laboratory-scale reactors operated at 10, 15, and 20
day HRTs. Each model result is given with the percentage difference as compared to the
experimental reactor results.

HRT
(days)

Type
Experimental

10

F/M Model
BioWin 3
Experimental

15

F/M Model
BioWin 3
Experimental

20

F/M Model
BioWin 3

1
576
632
-8.9%
957
-66.2%
456
549
-20.4%
957
-109.9%
376
485
-29.0%
771
-105.1%

HRT Period
2
3
4
652
647
625
528
514
514
19.0%
20.6%
17.8%
957
957
957
-46.8% -47.9% -53.1%
454
471
489
426
418
419
6.2%
11.3%
14.3%
957
957
957
-114.1% -114.1% -95.7%
376
391
357
354
5.1%
9.5%
740
739
-96.8% -89.0%

5
608
515
15.3%
957
-57.4%

6
542
515
5.0%
957
-43.4%

These values are in agreement with empirical data found previously (Pasztor et al.,
2009; Kabouris et al., 2008) for the digestible portion of municipal wastewater. There are
methods that determine the anaerobic degradability of water-soluble (Baumann and
Müller, 1997) and solid (Kolář et al., 2005) substrates as well as possible others that can
be used prior to model setup to determine the degradable fractions. Another possibility is
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to use the SBG test conducted over longer time periods to determine degradability of
recalcitrant wastes.
Once the reactors are at steady state in the third retention period, the differences
between the experimental and F/M model biogas production rates for the 10-day, 15-day,
and 20-day HRT reactors are 5.0%, 14.3%, and 9.5%, respectively. The later retention
periods for the 10-day HRT reactor show lesser disparity between the F/M model and
experimental biogas production rates, decreasing to a 5.0% difference at sixty days of
operation. For the 15-day HRT reactor, the F/M model initially over-predicts the biogas
output, but model performance changes in subsequent retention periods ending at a
14.3% with slightly increasing differences through the second through fourth retention
periods. Similar performance was observed in model predictions for the 20-day HRT,
which also features good agreement between the F/M model and experimental biogas
production rates.
F/M model predictions are less accurate at greater than 10-day HRT values, indicating
that the model is neither fully capturing the complexity (i.e., unidentified variables or
parameters) in the bioconversion of sludge nor accounting for changes in the microbial
ecology. The initial loading conditions of the reactors may have created an overload
condition that was corrected over time, but which more accurately reflects the conditions
in the SBG test reactors. Neither VFA concentration nor biogas composition was
determined for these experiments, so it is possible that the biogas generation for the each
reactor in the early retention periods is more carbon dioxide and hydrogen.
The daily organic loading rate (OLR) for the 10-day, 15-day, and 20-day HRT
reactors are 2.13, 1.42, and 1.07 g VS L-1 reactor d-1, respectively, which are close to the
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typical daily OLR for high-rate anaerobic digesters (1.6 - 4.8 g VS L-1 reactor d-1)
(Metcalf & Eddy, 2003). Based on the assumed residual PS content in the inoculum, the
initial OLR for the combined feed for the 10-day, 15-day, and 20-day HRT reactors is
10.29, 9.57, and 9.22 g VS L-1 reactor d-1, respectively. These high OLR values indicate
that the initial conditions for the reactors were likely in an overload condition. While the
biomass is considered a composite by the F/M model, it is possible that the various
microbial populations grow at different rates during the organic overload condition
(Michaud et al., 2001). Fermenting and VFA-oxidizing bacteria may be growing at
greater rates in the presence of the higher feed concentration than the methanogens,
creating a situation where the biogas quality is decreased but the biogas quantity still
increases. As seen in Table 3, the 10-day HRT experimental reactor exhibited a lower
BPR during the later retention periods. The overload condition may correct itself over
time as VFA concentration reduces to a steady state value due to dilution and turnover by
syntrophic bacteria and methanogens.
Table 4 shows the F/M model steady-state average daily F/M values for the PS in the
10-day, 15-day, and 20-day HRT reactors are 12.1, 9.5, and 8.3, respectively. Similarly,
the steady-state F/M values for the WAS in the reactors are 12.7, 10.7, and 9.7,
respectively. These represent the average F/M values as the 10, 15, and 20-day HRT
reactor model results reached steady state in the 3rd, 2nd, and 2nd HRT periods,
respectively.
Table 4 also lists the predicted minimum and maximum F/M values for each reactor
by feed type for the full length of the experiment. The predicted maximum PS F/M for
the 10-day HRT reactor is 20% greater than in the 15-day HRT reactor, which may
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explain its somewhat erratic BPR. The elevated PS F/M could indicate the buildup of
VFAs in the reactor, despite the OLR remaining within the typical range (Metcalf &
Eddy, 2003) for high-rate anaerobic digesters.

Table 4. Average predicted (steady-state) and minimum/maximum (entire model
simulation) F/M values for each reactor by feed type.

PS
Reactor
(HRT)
10-day
15-day
20-day

AverageSS

WAS

MinimumT MaximumT AverageSS

12.0
8.7
12.0
9.6
7.5
9.6
8.3
6.6
8.5
Notation: SS: Steady-state value

MinimumT MaximumT

8.9
1.0
7.5
0.7
6.7
0.5
T: Total length of simulation

8.9
7.7
7.0

Despite the predicted F/M in the 10-day HRT reactor being greater than in the 20-day
HRT reactor, the final total and volatile solids contents for the 10-day and 20-day HRT
experimental reactors were nearly identical. The total solids (TS) and volatile solids (VS)
content for the inoculum sludge was 2.29% and 74.3%, respectively. Total volatile solids
(TVS) is the percentage of the sludge represented by the volatile portion of the total
solids content. For the 10-day and 20-day HRT reactors after 60 days of operation, the
%TS/%VS/%TVS were 1.28%/74.3%/0.95% and 1.27%/70.8%/0.90%, respectively,
while the F/M model TVS content for the 10-day and 20-day HRT reactors is 1.55% and
1.27%, respectively.
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The 10-day HRT reactor exhibits a greater VS destruction rate, leading to increased
BPR during the conversion of VS to intermediates. This increased BPR may explain the
BPR disparity between the 10-day and 20-day HRT reactors.
Microbial communities are not static or immune to environmental conditions, so it
stands to reason that reactor operation parameters will affect the microbial community
structure and performance. Operating reactors at low or high F/M will select for
microbial populations that thrive in those conditions. Higher F/M will select for microbial
populations that accommodate greater OLR. This is an important consideration when
modifying the model for use with other reactor configurations, such as plug flow reactors
(PFR) with recycle. The higher F/M values present in PFRs is a difficult problem to
overcome when considering the possibility of dynamic changes in microbial community
structure. ADM1, for instance, provides for numerous biochemical reactions that are
assumed to be characteristic of a functional group of microorganisms, but it does not
account for changes in the kinetic rate constants due to dynamic changes in the actual
microbial community structure. The F/M model does not address this issue either, but the
model could be corrected over time by periodic SBG tests. One intriguing possibility
would be the integration of the F/M model with ADM1, which may be able to model the
turnover of soluble intermediates due to high F/M operation.

2.7.3 Laboratory-Scale Anaerobic Digesters as Compared to BioWin 3 Simulations
The data from the BioWin 3 simulations are shown in Table 3. These are daily biogas
production as compared to the daily biogas production from the experimental reactors.
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In all cases, the BioWin 3 model package significantly over-predicts the daily biogas
production rates for each of the three reactors. For the 10-day HRT reactor, the BioWin 3
model results are the closest in value to the experimental results with a biogas production
over-prediction of 43.4% in the 6th HRT period to 66.2% in the 1st HRT period. The
model predictions for the 15-day HRT reactor range from an over-prediction in biogas
generation of 95.7% in the 4th HRT period to 114.1% in the 2nd HRT period. The model
predictions for the 20-day HRT reactor also over-predict the biogas production rates, with
an 89.0% over-prediction in the 3rd HRT period and a105.1% over-prediction in the 1st
HRT period.
The exact reasons for these inaccuracies are not known, as there are many possible
sources of error in a model with so many parameters. The greatest source of error is
likely the degradable fraction of the volatile solids being set to 1 as compared to the
fractions in the F/M model being set to 0.7 and 0.5 for PS and WAS, respectively. This
would increase the biogas production rate by a significant amount as compared to the
F/M model.
As can be seen in Table 3, the only BioWin 3 model predictions to not reach steady
state conditions immediately are the model results for the 20-day HRT reactor. The F/M
model predictions exhibit similar behavior; however, the overall daily biogas production
rates compare more favorably to the experimental reactor rates. It appears that the SBG
tests do capture more accurately the kinetic parameters of the anaerobic digesters than
those included in the BioWin 3 model, at least for the 60-day time period in which these
experiments were run. The BioWin 3 model is created for long-term operation of a
wastewater treatment plant, whereas the SBG test will capture short term biogas
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generation results. While modeling a wastewater treatment process, the parameters in the
BioWin 3 model are calibrated to the empirical data. This was not done for this case, as
little data was available from the experimental reactors for this sort of calibration. It
should also be noted that the F/M model is quite limited in the number of parameters that
can be changed as compared to the BioWin 3 model.
After 60 days of operation, the TVS predictions for the 10-day and 20-day HRT
reactors are 1.24% and 0.99%, respectively. Table 5 shows these results from the reactors
and the two models.

Table 5. Comparison of Total Volatile Solids (TVS) results from the 10-day and 20-day
HRT reactors as compared to F/M and BioWin 3 model predictions

10-day HRT
20-day HRT

Reactor Sludge
0.95%
0.90%

F/M Model
1.55%
1.27%

BioWin 3 Model
1.24%
0.99%

The BioWin 3 model results are more comparable to those from the reactor sludge for
both reactors; however the biogas rate is over-predicted in all cases. Perhaps the model is
producing too much biogas per gram of volatile solids destroyed via the kinetic
parameters used in the model. Estimates of the microbial biomass community
composition may also be incorrect, which would also directly affect the use of the kinetic
parameters. Both of the models over-estimate the remaining TVS in the effluent, which
indicates that perhaps the batch feeding of the reactors may have caused the sludge to
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acclimate to periods of higher F/M. As a result of batch feeding, the microbial biomass
may have become more efficient at the breakdown of volatile solids in the sludge.
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CHAPTER 3: DEVELOPMENT OF THE RT-RIBOSYN METHOD

3.1 Introduction
The analysis of microbial communities in natural and engineered environments is a
crucial practice for environmental engineers and scientists. Some of the most useful tools
for understanding environmental systems are the growth rates of microbial communities.
Typically, growth rate information is obtained by letting cells grow suspended in a
nutritive media and taking a time series of spectrophotometer measurements of the
suspension’s turbidity. But this method only measures the bulk growth rate, and does not
provide independent simultaneous measures of growth rate for each constituent species in
the population. Using current molecular biology methods, we can identify and enumerate
distinct microbial populations, as well as determine function (Amann et al, 1998), but we
would further benefit from knowing how fast microbes are growing under a variety of
environmental conditions. To date, developing a valid technique has been attempted with
radioactively-labeled DNA and DNA hybridization (Pollard, 1998). In addition to the
restrictions and difficulties of using radioactive material, this approach suffers because
not all bacteria incorporate the thymidine used in the assay. Other techniques, such as in
situ identification of uncultured bacteria and microbial community composition that
target ribosomal RNA (rRNA), have been useful (Amann, 2000) for studying microbial
communities in wastewater systems. A relatively new method, fluorescence is situ
hybridization (FISH) with microautoradiography (FISH-MAR), identifies which
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individual cells are consuming a particular compound (Lee et al, 1999), as well as the
substrate uptake rate (Nielsen et al, 2003). However, the substrate uptake rate has not
been correlated with specific growth rate. While a powerful method appropriate for
certain applications, FISH-MAR suffers from a few cumbersome limitations. It is a
notably difficult method to master, involving several days of work, and is limited to
laboratories authorized to work with radioisotopes. Traditional methods of measuring
microbial growth are suited for pure cultures, or may only reveal composite growth rates
for an environmental sample. A faster, simpler method would be beneficial for the
investigation of natural and engineered systems.
A means to determine the specific growth rate of microorganisms may come from
taking advantage of the action of ribosomes within cells as they are growing rapidly. As
cells prepare to split into two new daughter cells, the number of ribosomes in the cell
must double so that the daughter cells have the same number of ribosomes as the original
cell. Ribosome genesis is best understood in the bacteria Escherichia coli, as it has been
heavily studied. Greater detail pertaining to ribosome synthesis in E. coli can be found in
earlier published works (Srivastava and Schlessinger, 1990; Jemiolo, 1996). However, an
important aspect of ribosome synthesis is that two types of 16S ribosomal RNA (rRNA)
are created during the process. These two types, referred to as precursor (pre16S rRNA)
and mature (16S rRNA), differ in length. Pre16S rRNA is processed during ribosome
synthesis into 16S rRNA, at which time the ribosomes have been completely synthesized.
Further, it has been found that antibiotics, such as chloramphenicol, can disrupt this
process (Britschgi and Cangleosi, 1998), allowing for the continued buildup of pre16S
rRNA in relation to 16S rRNA. As the synthesis of ribosomes is analogous to the rate at
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which new cells are created, a measurement of the ribosome synthesis rate may be used
to determine the specific growth rate of microbial populations.

3.2 Background and Description of the RT-RiboSyn Method
A molecular biology based method was developed to determine the specific growth
rate, µ, of a distinct microbial population in an environmental sample by measurement of
the specific rate of ribosome synthesis, r (shown schematically in Figure 9). This new
method has been named RT-RiboSyn, based upon ribosome synthesis and the use of
reverse transcription and primer extension (RT&PE) to measure the specific rate of
ribosome synthesis as shown in Equation 26:
r=

ln 2
tD

where tD is the ribosome doubling time.
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(26)

Original (mother) cell

New (daughter) cells

a

= Mature ribosomes
= New ribosomes

16S rRNA

b

II
II

I

5S rRNA

23S

rRNA
transcript
16S rRNA

c

Ribosome with
mature rRNAs

pre16S
rRNA

II

Cm

II
I

5S rRNA

23S

Figure 9. Simplified description of cell doubling (a), ribosome synthesis (b), and
inhibition of ribosome synthesis by chloramphenicol (c). The steps in each process are:
I) Expression, II) 1º processing, and III) 2º processing. Cm is chloramphenicol exposure.

As Figure 9 indicates, cell synthesis is dependent on the creation of new ribosomes.
During log growth, each cell is actively synthesizing new ribosomes to be divided into
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the two new daughter cells (Figure 9a). For a constant specific growth rate, the average
number of ribosomes per cell remains constant. Thus, the specific rate of ribosome
synthesis (r) is the same as the specific growth rate of the cell (µ). Ribosome synthesis
starts with expression, which generates a polycistronic rRNA transcript that contains the
three rRNAs. RNAse III cleaves this transcript of the rrn operon enzymatically into 5S,
16S, and 23S segments, and each of these “precursor” segments has extraneous RNA
from the 5’ and 3’ ends removed to form “mature” rRNA for assembly into ribosomes.
Ribosomes contain the mature rRNA and ribosomal proteins. The precursor rRNA
represents new ribosomes, while the mature rRNA represents the extant, functional
ribosomes (Figure 9b). The RT-RiboSyn method targets 16S rRNA to determine the ratio
of pre16S rRNA to 16S rRNA as it changes over time in cells experiencing disruption of
normal ribosome synthesis. This is accomplished by adding the antibiotic
chloramphenicol to the sample (Figure 9c) and taking samples over time. At the
beginning of the time series, the processing of pre16S rRNA is stopped at the second step
by adding the antibiotic chloramphenicol, which disrupts the processing of pre16S rRNA
to 16S rRNA (Pace, 1973). Once exposed to chloramphenicol, the bacterial cells continue
to create pre16S rRNA while the 16S rRNA remains constant outside of normal
degradation processes (Stroot and Oerther, 2003).
Monitoring pre16S rRNA synthesis has been used in previous work (Cangleosi and
Brabant, 1997; Oerther et al, 2002; Stahl et al., 1988; Stroot and Oerther, 2003) as an
indicator of growth response, and has been shown (Oerther et a.l, 2002) to dramatically
increase as compared to total 16S rRNA. RT-RiboSyn takes this concept a step further,
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and uses it to determine a specific rate of ribosome synthesis by using a primer that
specifically targets a population of interest.
The abundance of the new pre16S rRNA relative to the abundance of 16S rRNA can
be measured over time. This is accomplished by extracting the RNA in bulk, removing
extraneous DNA from the extracted RNA, annealing a DNA primer with an attached
fluorochrome to the pre16S rRNA and 16S rRNA, extending the primer toward the 5' end
using reverse transcriptase, then enzymatically removing the RNA and performing
capillary electrophoresis on the fluorescently labeled ssDNA. Since pre16S rRNA has
additional ribonucleotides at the 5’ end compared to the 16S rRNA, ssDNA derived from
pre16S rRNA will be longer than those derived from 16S rRNA.
Thereafter, it is possible to separate and quantify the two pools based upon their length
using a capillary electrophoresis system. Thus separated, measuring relative abundance of
the two ssDNAs is a matter of measuring the relative fluorescent intensity of each
ssDNA. Each distinct microbial population in the sample of interest can be targeted with
a specific primer complementary to a sequence within the pre16S and 16S rRNA that is
unique among the microbial populations present in the mixture. Over a time series, this
increase in pre16S rRNA as compared to the 16S rRNA allows for the determination of
the ribosome doubling time (Figure 10). This ribosome doubling time is then used to
determine the specific growth rate by using Equation 26.
The RT-RiboSyn method was verified in several steps. First, it was used to determine
the specific growth rate of a pure culture of A. calcoaceticus. The results were compared
to spectrophotometer optical density measurements which is the traditional method to
determine specific growth rates of pure cultures. Next, the method was used with an
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environmental sample, in this case activated sludge from a high purity oxygen (HPO)
system at a wastewater treatment plant. Finally, the method was applied to the RNA of a
pure culture of Methanosarcina barkeri, followed by anaerobic digester sludge to
measure specific growth rates of archaea.

3.3 Methods and Materials
This methods and materials section details the application of the RT-RiboSyn method
to a pure bacterial culture, bacteria present in a wastewater treatment process, and to
archaea in a pure culture and wastewater sample. Appendix B contains expanded
methods and materials that pertain to this section.

3.3.1 Information on Wastewater and Sludge Sources
Activated sludge samples and primary effluent were obtained from the Howard F.
Current Advanced Wastewater Treatment plant located in Tampa, Florida. The plant is
the wastewater treatment facility for the city of Tampa, with a daily average (2009) flow
rate of 54.2 million gallons per day (MGD) and a designed capacity of 96 MGD. The
High Purity Oxygen (HPO) system is a secondary treatment process for the removal of
carbonaceous biological oxygen demand (BOD), and is the source for the activated
sludge and primary effluent used in these experiments. The solids retention time (SRT)
for the process is 12 hours, and the hydraulic retention time (HRT) is 4 hours (T. Ware,
personal communication, October 28, 2011).
Anaerobic digester sludge samples were obtained from the Glendale Wastewater
Reclamation Plant located in Lakeland, Florida. The average daily flow through the
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facility is 13.7 MGD, with a discharge point to an artificial wetlands constructed around
the plant in 1987. The anaerobic digester in use at the time of these experiments was a
two-stage system (primary and secondary tanks) with a total capacity of 1.5 million
gallons, and an HRT of 15-20 days depending on loading (B. Kruppa, personal
conversation, November 3, 2011). The system was run at an average temperature of about
35° C, making it a mesophilic digestion process. Samples were obtained via a sampling
port from the primary digester.

3.3.2 RT-RiboSyn with Pure Bacteria Culture
A. calcoaceticus (ATCC# 23055) was cultured in sterile nutrient broth (Difco Nutrient
Broth #234000) and shaken at 250 rpm to generate four distinct growth conditions
including mid-log growth phase cultures incubated 25, 30, and 35 °C, and a stationary
phase culture incubated at 30 °C. Chloramphenicol (20 mg/L) was added to a 50 mL
subsample from each master culture to inhibit the secondary processing of pre16S rRNA
(Pace, 1973). Sub-samples (4 mL) were collected from each 50 mL sample at 0, 10, 20,
and 30 minutes of exposure to chloramphenicol, centrifuged (10,000 g for 5 minutes),
decanted, and stored promptly in a -80 °C freezer. Appendix B-1 provides a more
detailed description of the sampling protocol.
The optical density (OD) of the four master cultures was measured periodically at 684
nm using a spectrophotometer and the specific growth rate was determined for the time of
sample collection.
RNA was extracted from the subsamples using the phenol:chloroform method
(Schmid et al, 2001). See Appendix B-2 for a detailed account of the steps involved in
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the phenol:chloroform extraction. Following the RNA extraction. the samples were
purified further using the RNAqueous® kit (Ambion, Inc., Carlsbad, CA). See Appendix
B-3 for detailed steps taken while using the RNAqueous® kit. Residual DNA was
removed using a DNAseI treatment (DNAfree™ kit by Ambion, Inc., Carlsbad, CA).
Appendix B-4 lists the detailed steps for using the DNAfree™ kit. Finally, RT&PE using
the ImProm-II™ Reverse Transcription System (Promega Corporation, Fitchburg, WI)
was performed according to manufacturer’s instructions with a MgCl2 concentration of
2.5 mM. Appendix B-5 details the steps required in usage of the ImProm-II™ kit.
The WellRed-labeled primers (Sigma-Genosys, The Woodlands, TX) used in the
RT&PE reaction were Eub338 (5’ GCTGCCTCCCGTAGGAGT 3’) and Acin0659
(5’ CTGGAATTCTACCATCCTCTCCCA 3’),which target conserved sites of the
pre16S and 16S rRNA for all Eubacteria and Acinetobacter, respectively (Loy, et al,
2003; Oerther et al, 2000). The primer extension step was 1 hour at 42º C and 47º C for
the Eub338 and Acin0659 primers, respectively. The RT&PE samples were analyzed by
capillary electrophoresis with the CEQ 8000 Genetic Analysis System (BeckmanCoulter, Brea, CA), with resulting electropherograms used for analysis. The WellRed
labeled size standards were the GenomeLab DNA Size Standard Kit (600 nt) for the
Eub338 RT&PE samples, and the MapMarker® 1000 (Bioventures, Inc., Murfreesboro,
TN) size standard for the Acin0659 RT&PE samples. Appendix D presents an analysis of
the lower threshold detection limits for the CEQ-8000 system.
Capillary electrophoresis separates the two RT&PE products by length, and using the
same primer for both products allows for the comparison of the two peaks by area of the
peaks. The fragment lengths correspond to the predicted lengths of the pre16S and 16S
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RT&PE products (Stroot, 2004). The ratio of the pre16S and 16S RT&PE products
(pre16S/16S) was determined for each sub-sample and plotted versus time of
chloramphenicol exposure. A trend line was fitted to these data and the equation
determined. Using the slope (m) of the equation, the ribosome doubling time was
determined. Specific rates of ribosome synthesis were then determined using Equation
26.

3.3.3 RT-RiboSyn Method with Activated Sludge from High-Purity Oxygen System
Prior to deciding to attempt to determine the specific growth rate of Acinetobacter
genus in a wastewater treatment facility, samples were taken for fluorescence in situ
hybridization (FISH) from the HPO system at the Howard F. Curren Advanced
Wastewater Treatment Plant located in Tampa, Florida. FISH allows for the identification
and enumeration of organisms of interest. Samples of sludge were taken from a sampling
port at the effluent end of the HPO system and centrifuged at 10,000 g for 4 minutes in 2
mL micro-centrifuge tubes. The sludge samples were then decanted and resuspended in
4% paraformaldehyde (PFA) solution to disrupt the cell walls of the bacteria present to
prepare the sample for FISH. After 3 hours in 4% PFA, the samples were centrifuged
again at 10,000 g and decanted. The samples were then resuspended in a 1:1
ethanol:phosphate buffered saline (PBS) solution to preserve the samples. Samples were
then stored at -20º C. Later FISH analysis using the Acin0659 probe with a Cy-3
fluorescent marker indicated the presence of Acinetobacter genus in the sludge, so further
sampling was then performed. For a full description of the FISH method, see Appendix
B-6.
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Activated sludge and primary effluent samples were taken from the HPO system at the
Howard F. Curren plant. Both sample types were taken from sampling ports as sampling
from other locations in the process was not possible due to its design. The primary
effluent sample (fresh wastewater ready for treatment processes) was collected in two
large Pyrex bottles and sealed with a screw-on lid. The activated sludge was collected in
a bottle that permitted ample headspace to provide oxygen for microorganisms during
transit to the laboratory. The samples were collected in the early morning.
Upon return to the laboratory, several air stones connected to aquarium air pumps
were placed into the activated sludge to provide aeration while sample collection
preparation was completed. The master reactor was a 4 L beaker that contained 2 L of
primary effluent and 1 L of activated sludge and was placed on a magnetic stir plate.
Three air stones provided aeration while a large stir bar mixed the contents of the reactor
at a high rate. During sampling, periodic measurements of dissolved oxygen (DO) and
chemical oxygen demand (COD) were made. According to DO measurements, aeration
and stirring were high enough that reactions were not oxygen-limited (DO ≥ 7.6 mg/L).
For the RT-RiboSyn sampling, 200 mL subsamples were taken from the master
reactor and placed in 500 mL beakers with an air stone and a magnetic stir bar to keep the
sludge mixture aerated. At time zero, a 2000 mg/L chloramphenicol solution was added
to the subsample to bring the final chloramphenicol concentration to 200 mg/L. Samples
were taken at 0, 7, 14, 21, and 28 minutes of exposure to chloramphenicol and were
collected in two 15 mL conical tubes at each time step. Samples were centrifuged at
10,000 g, decanted, and promptly stored at -80 º C. RNA extractions, purification, and
reverse transcription procedures were as described in 3.3.2, with the exception that a
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higher concentration of chloramphenicol (200 mg/L vs. 20 mg/L) was used in order to
overcome any absorption effects from extraneous material in the sludge. Environmental
samples often contain extraneous materials that could absorb these antibiotics and
prevent their inhibitory effects on populations of interest. RNA from a pure culture of A.
calcoaceticus was used as a positive control for the RT&PE process and was analyzed
along with the RNA from the sludge samples on the CEQ-8000 Genetic Analysis System.

3.3.4 RT-RiboSyn Method with Pure Methanogen Culture and Anaerobic Digester
Sludge
Pure methanogen culture work was performed by obtaining a slab culture of M.
barkeri from the Oregon Collection of Methanogens at the Portland State University. The
sample was provided with a small supply of MS Medium (Boone et al, 1989) which was
used to grow a pure culture of M. barkeri. RNA was extracted and purified as described
in 3.3.2.
One major difference between applying the RT-RiboSyn method to bacteria versus
archaea is that the mechanism by which chloramphenicol inhibits growth in bacteria does
not work with archaea. Rodriguez-Fonseca et al (1995) demonstrated that the antibiotic
anisomycin is an analog to chloramphenicol that will inhibit pre16S rRNA processing in
archaea, so this antibiotic was substituted for chloramphenicol in these studies. The
sampling and extraction procedures outlined for pure cultures in 3.3.2 was the same as
the wastewater samples, with the exception that a higher concentration of
chloramphenicol (200 mg/L) or anisomycin (250 mg/L) was needed to overcome
absorption effects. As detailed in work with Methanococcus voltae (Possot et al., 1988), a
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minimum concentration of 100 µg/ml of anisomycin was needed to inhibit protein
synthesis in a pure culture. For anaerobic digester sludge samples, the final concentration
of anisomycin used was 250 µg/ml.
Anaerobic digester sludge was collected from the Glendale Wastewater Reclamation
Plant in Lakeland, FL, and 50 ml added to each of the 100 ml Balch-style serum bottles.
The 80% N2 - 20% CO2 atmosphere in each reactor was injected by needle, and was
refreshed whenever the plug was removed for reactor feeding or cycling. The reactors
were operated at a 20 day hydraulic retention time, meaning that each day 5% of the
volume in each reactor was replaced with fresh feed. The feed mixture used in this case
was a mixture of primary sludge (PS) and waste activated sludge (WAS) blended in a dry
solids ratio of 1.79:1 (PS/WAS) to simulate typical blended sludge for anaerobic
digestion (Griffin et al, 1998). The reactors were operated for several days after the
sludge acquisition from Glendale at 35º C and shaken at 150 rpm to ensure that the
microbial populations were actively growing.
Four hours prior to sampling, the reactors were given an injection of 1M sodium
acetate solution to provide a growth impetus for any acetoclastic methanogens present in
the reactors. After four hours, a solution of anisomycin was added to each reactor to
provide for a final concentration of 250 µg/ml of anisomycin in each reactor. Samples
were taken at time = 0, 4, 20, 24, and 48 hours after the addition of the sodium acetate
solution. These samples were stored and the RNA extracted and purified as described in
3.2.3.

73

During the RNA extraction process, the cell disruptor used previously (Biospec
Products Mini-Beadbeater-8) malfunctioned and needed to be replaced. The unit chosen
(Scientific Industries Disruptor Genie®) required new protocol that took some time to
optimize for samples of this nature. Once the RNA was extracted from the samples,
further concentration was performed in order to maximize the chances of detecting the
16S and pre16S rRNA peaks with the CEQ-8000. In addition to concentration of
samples, the longer fragment lengths expected from the Arch915 primer required that the
MapMarker® 1000 (Bioventures, Inc.) size standard be used.

3.3.5 Analytical Methods
For the experiments involving activated sludge from the HPO system at the Howard F.
Curren Advanced Wastewater Treatment Plant in Tampa, two additional instruments
were used. For the measurement of dissolved oxygen in the master reactor, the instrument
used was the Traceable Portable Dissolved Oxygen Meter (Fisher Scientific, Hampton,
NH). Filtered wastewater samples were taken from the master reactor during the
experiment using a syringe filter and refrigerated for later COD analysis. COD samples
were analyzed using a Hach DRB 200 system (Hach Company, Loveland, CO). pH was
measured using an Oakton pH/°C/Ion/mV meter (Oakton Instruments, Vernon Hills, IL).
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3.4 Results and Discussion

3.4.1 RT-RiboSyn with Pure Bacteria Culture
Data from the capillary electrophoresis measurements is analyzed in a simple
graphical manner. As described in 3.3.2, the pre16S to 16S ratio is determined from these
data and plotted. Figure 10 shows an example of this calculation, in this case the sample
taken at 30° C and using the Eub338 primer. In Figure 10, the y-axis is the pre16S:16S
ratio, and the x-axis is time in minutes of exposure to chloramphenicol.
The solid line represents the linear trend line for the raw ratio values, with an equation
of:
y = 0.0149x + 0.1221

(27)

and an R² of 0.9995. The dashed line represents the linear trend line for the “corrected
data”, whereby the y-intercept is forced to zero by subtracting the initial pre16S:16S ratio
at t=0, while maintaining almost the same slope as the raw ratios. Extending this
“corrected data” trend line to the point where pre16S:16S = 1 will allow for the
determination of the ribosome doubling time, tD. This value is then used in Equation 26
to determine the specific growth rate of the microbial population.
Figures 11 and 12 show typical electropherograms from the fragment analysis of pure
culture samples using the Eub338 and Acin0659 primers, respectively. In each of figures
11a and 12a, the sample is taken at zero minutes of exposure to chloramphenicol,
whereas figures 11b and 12b are after 20 minutes of exposure. Both figures indicate an
increase over time of the number of pre16S fragments relative to the 16S fragments. The
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fragment analysis software used by the CEQ-8000 system calculates the area under each
peak, which is the data used to calculate the pre16S:16S ratios.
Mean pre16S:16S values for each of the sub-samples collected from the four cultures
are shown in Table 6. For all sub-samples, the low coefficient of variance indicates a
strong reproducibility with the RT-RiboSyn method. For growing cultures, the mean
pre16S:16S values increased with longer exposure to chloramphenicol, which is
consistent with earlier work (Stroot, 2004).
A comparison of the specific rate of ribosome synthesis as measured by RT-RiboSyn
and the specific growth rate of each culture as determined by spectrophotometry is shown
in Table 7. When RT-RiboSyn was used with the Eub338 primer for the mid-log growth
phase samples, the specific rates of ribosome synthesis were in good agreement (within
10.0%) with the specific growth rate measurements, while the Acin0659 primer resulted
in slightly higher variation (within 21.0%).
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Figure 10. Example of pre16S:16S versus time, in this case a T = 30°C sample using the
Eub338 primer with A. calcoaceticus.
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Figure 11. Typical electropherograms of RT-RiboSyn products derived from A.
calcoaceticus incubated in nutrient broth at 25 °C after exposure to chloramphenicol for
(a) zero minutes and (b) 20 minutes. The WellRed-labeled Eub338 primer was used.
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Figure 12. Typical electropherogram of RT-RiboSyn products derived from A.
calcoaceticus incubated in nutrient broth at 25 °C after exposure to chloramphenicol for
a.) zero minutes and b.) twenty minutes. The WellRed-labeled Acin659 primer was used.
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Table 6. General and statistical data for calculated ratios of precursor 16S rRNA to
mature 16S rRNA, including primer used, culture temperature (°C), time of exposure to
chloramphenicol (minutes), mean pre16S:16S, standard deviation (σ), number of samples
(n), and the coefficient of variance (COV).

Primer

Eub338

Time
(min)

Mean
pre16S:16S

σ

n

COV
(%)

0

0.073

0.001

4

2.0

25

10
20
0

0.145
0.270
0.126

0.002
0.021
0.014

3
4
3

1.0
7.9
11.0

30

10
30

0.265
0.571

0.013
0.011

4
3

4.7
1.9

0
20
30

0.266
0.513
0.669

0.006
0.010
0.036

3
5
3

2.2
2.0
5.4

30 stationary

0
10

0.104
0.104

0.014
0.019

3
3

13.4
17.8

25

20
0
10

0.093
0.136
0.272

0.012
0.005
0.027

3
4
3

12.6
3.6
9.8

20
0

0.390
0.105

0.01
0.008

3
5

2.6
8.0

30

10
20
0

0.195
0.265
0.473

0.006
0.002
0.025

4
3
5

10.6
2.3
5.3

35

10

0.606

0.037

5

6.1

30

0.957

0.008

3

0.9

0
10
30

0.091
0.094
0.088

0.001
0.003
0.007

3
3
4

0.9
2.8
8.2

Temperature
(°C)

35

Acin0659

30 stationary
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Table 7. Specific rate of ribosome synthesis, r, and specific growth rate, µ, as calculated
by RT-RiboSyn and spectrophotometry, as well as the % difference between the
measurements. The R2 of the linear regression is included.

Spectrophotometer
Eub335

Acin0659

µ (hr-1)
R2
r (hr-1)
R2
% diff
r (hr-1)
R2
% diff

25 °C

30 °C

35 °C

0.381
0.811
0.387
0.971
1.6
0.482
0.998
21.0

0.550
0.988
0.611
0.999
10.0
0.532
0.926
-3.3

0.562
0.925
0.545
0.996
-3.1
0.665
0.994
15.5

30 °C
stationary
0.007
0.476
-0.017
0.706
N/A
-0.004
0.358
N/A

It is unclear why the specific rates of ribosome synthesis measured with the Acin0659
primer were different as compared to the Eub338 primer. It has been shown that
chloramphenicol completely prevents pre16S rRNA degradation under all conditions in
E. coli (Cangleosi and Brabant, 1997). Assuming this behavior holds true for A.
calcoaceticus, the degradation of 16S rRNA during accumulation of pre16S rRNA may
be the cause of higher specific rate of ribosome synthesis as compared to the specific
growth rate. For the 30 °C stationary samples, the calculated specific rate of ribosome
synthesis and specific growth rate were very low for both methods. However, it is
important to note that the RT-RiboSyn method clearly distinguished between an actively
growing culture and one with no growth.
While the RT-RiboSyn method shows promise as a useful new molecular biology tool,
there are possible limitations that require further investigation. Chloramphenicol-resistant
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bacteria may present one such limitation. It has been noted that the growth of many
bacterial genera are inhibited by chloramphenicol concentrations of 1 to 10 mg/L (Brock,
1961). Our experiments were performed with chloramphenicol concentrations of 20
mg/L, which may render this resistance ineffective.
The analysis of the batch growth cultures in this study has yielded differences between
the specific rate of ribosome synthesis and the specific growth rate. Ideally, RT-RiboSyn
should be tested with cells collected from a chemostat operated over a broad range of
specific growth rates to determine the limits of the method. However, these results from
batch growth cultures are very promising. There is good agreement between the
measurement of specific ribosome synthesis by RT-RiboSyn and the measurement of
specific growth rate with the conventional spectrophotometric method for A.
calcoaceticus under different growth conditions using standard culture media.

3.4.2 RT-RiboSyn Method with Activated Sludge from High-Purity Oxygen System
Prior to attempting to use RT-RiboSyn with the sludge from the HPO system at the
Howard Curren plant, a FISH analysis was performed on the sludge to determine whether
or not Acinetobacter was present in the system. Figure 13 indicates the results of that
analysis. The blue dye present is DAPI, which is a nucleic acid stain that will stain
anything containing nucleic acids. The pink-red color is created by the Cy3 marker
present in the Acin0659 probe used in the hybridization. Any organism showing as pinkred in color indicates that it is of the Acinetobacter genus. Figure 13 demonstrates that
there was a significant population of Acinetobacter in the HPO system, and so it was
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decided that RT-RiboSyn would be used to determine a specific growth rate for that
population.

Figure 13. Images from FISH analysis of activated sludge from HPO system at Howard
F. Curren Advanced Wastewater Treatment Plant. Magnification is 1000x. DAPI nucleic
acid stain is indicated by blue, and the Acin0659 probe with Cy3 fluorescent marker is
indicated by the pink-red color.

As described in 3.3.2, samples were taken from a reactor using activated sludge and
primary effluent from the HPO system and exposed to chloramphenicol to produce RTRiboSyn samples. Samples were also taken from the master reactor for COD analysis so
that a determination could be made as to when the greatest microbial growth was
occurring during the sampling period. Figure 14 shows the COD measurements over time
from the master reactor.
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Figure 14. Filtered sample COD measurements versus time (minutes) from the master
reactor.

COD measurements were taken as an indicator of bacterial activity in the sludge.
These results were not available when sampling was being done, so sample sets were
spread out over the course of the experiment in order to catch rapid growth or any
abnormal growth behavior of interest. Based upon the results in Figure 14, the samples
taken at 20 minutes after the mixing of the primary effluent and activated sludge in the
master reactor were used for analysis. These samples represented as near to the maximum
growth rates as possible.
As described in 3.2.2, RNA was extracted from the reactor samples and purified for
the RT&PE process and analysis with the CEQ-8000 Beckman-Coulter Genetic Analysis
system. Figure 14 shows two electropherograms of fragment analysis using the Eub338
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primer that targets all bacteria. Parts (a) and (b) represent samples at zero and 28 minutes
of exposure to chloramphenicol, respectively.
Figure 15 (a) and (b) both indicate a large cluster of peaks centered around fragment
lengths of 350 nt, which is not unexpected as the Eub338 primer targets all bacteria
present. If Acinetobacter genus organisms were present and growing at a rapid rate, what
is expected is to have a peak or peaks at around 490 nt in length increasing in size
between Figure 15 (a) and (b). There is a small peak in Figure 15b indicated at about 485
nt, however, it is below the threshold by which the CEQ-8000 can assign it a measured
size. It is interesting to note, however, that there is a prominent peak at 447 nt. Since this
peak represents fragments more than 40 nt shorter than the typical Acinetobacter, results
as seen in Figure 11, the peak at 447 nt is not of the Acinetobacter genus. In order to
determine the identity of the organism(s) creating that peak, a fragment analysis system
that includes a sample collector would be needed so that the fragments could be
sequenced.
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Figure 15. Electropherograms of RT-RiboSyn products taken from reactor with HPO
system activated sludge at (a) zero minutes and (b) 28 minutes using the Eub338 primer.
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Since this is the only significant peak indicated over the sampling period of this set of
samples, it can only be assumed that this organism has the greatest specific growth rate
under these conditions and may be responsible for the bulk of the decrease in COD over
the sampling period. It is clear that the pre16S rRNA peak(s) expected at around 490 nt
are not present, and so it must be concluded that Acinetobacter is not growing
significantly during the sampling period.
An explanation for this low growth or stationary phase for Acinetobacter genus can be
seen when looking at typical diurnal flow rate patterns for wastewater treatment plants.
As mentioned earlier, the activated sludge and primary effluent samples were taken in the
early morning. According to the typical diurnal pattern (Metcalf &Eddy, 2003), peak
flows in wastewater treatment plants occur during the late morning to early afternoon
(Curds, 1973), with a trough in flow rates at around 5 am. Based on this information, it is
likely that most organisms in the HPO system at the time these samples were taken would
be in stationary phase, and thus would not be growing. Further, Figure 14 indicates that it
took over 200 minutes for the COD of the wastewater in the master reactor to drop by 36
mg/L, although most of that occurred within the first hour. As influent flow rates trough
in the early morning hours, so do suspended solids and soluble biological oxygen demand
(BOD). Organisms growing in those conditions may be adapted to grow on recalcitrant
substrates, while other organisms such as Acinetobacter genus may require more readilyconsumable substrates to grow at higher rates.
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3.4.3 RT-RiboSyn Method with Pure Methanogen Culture and Anaerobic Digester
Sludge
It has been shown that the RT-RiboSyn method can be successfully applied to a pure
eubacterial culture. RT-RiboSyn was also applied to a pure culture of methanogens,
followed by targeting archaeal populations in anaerobic digester sludge.

3.4.4 Results from M. barkeri RNA
A culture of the methanogen M. barkeri was obtained from the Oregon Collection of
Methanogens located at the Portland State University, and was grown using the starter
media provided with the culture. An RT&PE was performed using the M. barkeri RNA
and Arch915 primer as described in 3.3.2, with the exception of a 48º C primer extension
step temperature. The product was analyzed via the CEQ-8000, and the results are shown
in Figure 16, which represents eight RT&PE reactions. The average fragment size was
889.6 nt, with an average peak height and peak area of 33,789 and 71,284, respectively.
The standard deviations for these three values are 0.41, 15,392, and 33,261, respectively.
These results indicate that the RT&PE method is applicable to archaeal populations.
Using genome sequence data from 16S rRNA from the National Center for Biological
Information (NCBI) (http://www.ncbi.nlm.nih.gov/), the predicted 16S fragment length
for M. barkeri with the Arch915 primer is 879 nt, with a predicted length of 1037nt for
the pre16S rRNA. The discrepancy between predicted and measured lengths of the 16S
rRNA fragment in the electropherogram will be discussed later in this chapter. It should
also be noted that the absence of the pre16S rRNA fragment in Figure 16 is expected, as
it is simply beyond the scale of the CEQ analysis software.
88

100000

90000

80000
889.10

70000

60000

50000

40000

30000

20000
124.31

10000

50

75 100 125 150

200

250

300

100.51
74.11

152.66

350

475
400

450

722.43
500

550

600

650

700

750

800

850
859.66

907.74
900

950

984.34
1000

351.47

202.57

0
0

100

200

300

400

500
Size (nt)

600

700

800

900

1000

Figure 16. RT&PE fragment analysis for RNA from pure culture of M. barkeri generated
with the Arch915 primer. The average fragment size for product from eight reactions is
889.6 nt with a standard deviation of 0.41 nt. The red peaks represent the size standard.

The method by which the 16S and pre16S fragment lengths are predicted for
organisms of interest is shown in Figure 17. First, the Arch915 primer target site is found
within the 16S rRNA sequence as shown, and then additional sequence information (200
nt on each end in this example and known as the intergenic spacer region) is added to the
5' and 3' ends of the 16S rRNA region.
To estimate the length of the pre16S "precursor" rRNA fragment, a sequence must be
found in the 5' intergenic region that has a reverse complement in the 3' intergenic region.
This is typically accomplished by using online tools such as the Basic Local Alignment
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Search Tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to aid in the search. Once
the region is found, the length of the fragment between the 3' end of the Arch915 target
site and the middle of the RNAseIII cut site in the 5' intergenic spacer region is the
estimated length of the pre16S fragment. Using this method, the 16S and pre16S rRNA
fragments for several methanogens of interest have been estimated, and the results are
shown in Table 8.
Table 8 shows that there are predictions for fragment lengths that are similar amongst
different organisms. This is to be expected due to the general nature of the primer (all
archaea) and the similarity between the organisms. If a specific organism is to be targeted
by this method, a genus or species-specific primer is needed to differentiate it from other
organisms.
The length of the fragment between the 3' end of the Arch915 target site and the 5' end
of the 16S rRNA sequence is the 16S "mature" rRNA fragment length.
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RNAseIII cut site (red)

Intergenic spacer region (green)
5'

GTTGAAAATCAAATTCAATTTCATCTTTTAATGGAGTCAGGAGTTATTTCCTGACT
GACGAGGATTTGTCGGTTCGGTTAATTCTGGGTGATATTTGTTATACTACATTTAT
CGCGACATGAACTAACTGAATTGATAGTTGTTAGTGCAAGTTTCTGCGACCAAGA
CCTTTAATTTTGAAGTGTGCGATACATTAACAATTCTGGTTGATCCTGCCAGAGGT
TACTGCTATCGGTGTTCGCCTAAGCCATGCGAGTCATATGTAGCAATACATGGCG
TACTGCTCAGTAACACGTGGATAACCTGCCCTTGGGACCGGCATAACCCCGGGAA
ACTGGGGATAATTCCGGATAACGCATATTTGCTGGAATGCTTTATGCGTCAAAAG
GATTCGTCTGCCCAAGGATGGGTCTGCGGCCTATCAGGTAGTAGTGGGTGTAATG
TACCTACTAGCCAGCGACGGGTACGGGTTGTGAGAGCAAGAGCCCGGAGATGGA
TTCTGAGACATGAATCCAGGCCCTACGGGGCGCAGCAGGCGCGAAAACTTTACAA
TGCGGGAAACCGTGATAAGGGGACACCGAGTGCCAGCATCATATGCTGGCTGTCC
GGATGTGTAAAATACATCCGTTAGCAAGGGCCGGGCAAGACCGGTGCCAGCCGC
CGCGGTAACACCGGCGGCCCGAGTGGTGATCGTGATTATTGGGTCTAAAGGGTCC
GTAGCCGGTTTGGTCAGTCCTCCGGGAAATCTGATAGCTCAACTATTAGGCTTTCG
GGGGATACTGCCAGACTTGGAACCGGGAGAGGTAAGAGGTACTACAGGGGTAGG
AGTGAAATCTTGTAATCCCTGTGGGACCACCTGTGGCGAAGGCGTCTTACCAGAA
CGGGTTCGACGGTGAGGGACGAAAGCTGGGGGCACGAACCGGATTAGATACCCG
GGTAGTCCCAGCCGTAAACGATGCTCGCTAGGTGTCAGGCATGGCGCGACCGTGT
CTGGTGCCGCAGGGAAGCCGTGAAGCGAGCCACCTGGGAAGTACGGCCGCAAGG
CTGAAACTTAAAGGAATTGGCGGGGGAGCACAACAACGGGTGGAGCCTGCGGTT
TAATTGGACTCAACGCCGGACAACTCACCGGGGGCGACAGCAATATGTAGGCCA
AGCTGAAGACTTTGCCTGAATCGCTGAGAGGAGGTGCATGGCCGTCGCCAGTTCG
TACTGTGAAGCATCCTGTTAAGTCAGGCAACGAGCGAGACCCGTGCCCACTGTTA
CCAGCATGTCCTCCGGGACGATGGGTACTCTGTGGGGACCGCCGATGTTAAATCG
GAGGAAGGTGCGGGCCACGGTAGGTCAGTATGCCCCGAATCTCCCGGGCTACAC
GCGGGCTACAATGGATGGGACAATGGGTCCCTCCCCTGAAAAGGGCTGGTAATCT
CACAAACCCATTCGTAGTTCGGATCGAGGGCTGTAACTCGCCCTCGTGAAGCTGG
AATCCGTAGTAATCGCGTTTCAATATAGCGCGGTGAATACGTCCCTGCTCCTTGCA
CACACCGCCCGTCAAACCACCCGAGTGAGGTATGGGTGAGGGCACGGACTTCGTG
CCGTGTTCGAACCTGTGCTTTGCAAGGGGGGTTAAGTCGTAACAAGGTAGCCGTA
GGGGAATCTGCGGCTGGATCACCTCCTAAGCATAAAACAATATCACCCAGATGCC
GATAAACCGAACAAATCCTCAAACCTGAGATCCATTTGGATCTCTTGTCTCTCTCG
GGCTTGTAGATCAGCTGGAAGATCGCTGCCTTTGCAAGGCAGAGGCCCTGGGTTC
GAGTCCCAGCAAGTCCATTTTTGTGCACCCGGAAAGTAAATTTTCGGGGAAGGAT
GGATAG 3'

Black text = 16S rRNA sequence

Arch915 target site (black)

Figure 17. Example of how to estimate 16S and pre16S rRNA fragment lengths.
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Table 8. Predicted lengths of 16S rRNA and pre16S rRNA fragments from RT&PE using
the Arch915 primer for several methanogens.

NCBI

Fragment Length

Organism
Accession#

16S

pre16S

Methanosarcina barkeri

NC_007355

879 nt

1037 nt

Methanosarcina mazei

NC_003901

875 nt

987 nt

Methanococcus aeolicus

NC_009635

870 nt

985 nt

Methanobrevibacter smithii

NC_009515

876 nt

963 nt

Methanocorpusculum labreanum NC_008942

868 nt

990 nt

Methanosphaera stadtmanae

NC_007681

887 nt

967 nt

Methanocaldococcus vulcanis

NC_013407

875 nt

985 nt

Methanococcoides burtonii

NC_07955

877 nt

983 nt

3.4.5 RT-RiboSyn Results with Anaerobic Digester Sludge and Arch915 Primer
The final stage of this work was to apply this method to an environmental sample of
interest, which in this case was anaerobic digester sludge.
Figures 18a and 18b present two electropherograms from the analysis of the t=4 hours
samples. The >800 nt region of the electropherogram shown has been magnified for
clarity. The two electropherograms are from two different wells in the well plate,
however they are the same RT&PE product. The peaks present in the range of predicted
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16S fragment lengths, as in Table 8, are 877 and 884 nt. The peak at 877 nt may represent
either M. burtonii or M. smithii. Peaks further out at 950 and 987 nt may represent pre16S
peaks, however Table 8 predicts only that the peak at 987 nt may be M. mazei.
Figures 19a and 19b are of two electropherograms from the analysis of the t=24 hours
samples. Again, these are the same samples but from two different wells in the well plate.
For Figure 19a, the peaks present in the range of predicted 16S lengths are 867, 876 and
884 nt, which may correspond to M. labreanum at 867 nt , and M. vulcanis, M. mazei, or
M. burtonii at 876 nt. Figure 19b, indicates similar peaks and the same possible
methanogens. Both figures also show peaks further out at 961 and 968 nt, which may
pertain to the pre16S peaks of M. smithii and M. stadtmanae, respectively. However as in
Figures 18a and 18b these do not correspond to any of the 16S peaks on the same
electropherograms.
A few different explanations may account for these fragment size discrepancy issues.
The first of these is that the genomic information from NCBI may not be correct, and the
subsequent fragment length predictions are not correct as a result. Determining sequences
for these organisms is beyond the scope of this work, so we are left to assume that these
genomic data are correct. Another possibility is that the fragments being seen here are
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Figure 18. RT&PE fragment analysis for anaerobic digester sludge at t=4 hours using the
Arch915 primer.
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Figure 19. RT&PE fragment analysis for anaerobic digester sludge at t=24 hours using
the Arch915 primer.
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not the organisms predicted in Table 8, but are other (perhaps unsequenced) methanogens
or other Archaea.
Another problem exists with the CEQ-8000 itself (S. Questa, personal communication,
June 27, 2007). The company does not produce a size standard for the CEQ-8000 that is
greater in length than 640 nt, therefore the machine itself does not support the use of size
standards beyond this size. The reason for this is that the fragment analysis software uses
a size calibration curve (fragment size vs. migration time) to determine the fragment
sizes. As fragments get longer and further away from the 640 nt maximum, the fragment
length prediction becomes more and more inaccurate. This can be seen in the size
calibration curve results available from each electropherogram. The standard deviation
from the calibration statistics from electropherograms for the Eub338 tests with the A.
calcoaceticus fragments is typically about 0.5 nt. For the Arch915 tests using the 1000 nt
size standard, the standard deviation averages 6.8 nt. This inaccuracy could account for
the 10 nt difference between the predicted and actual size of the M. barkeri 16S
fragments shown in Figure 15 and Table 8.
The CEQ-8000 is adequate for fragment peak detection in the >640 nt range. However
accurate sizing is not guaranteed (S. Questa, personal communication, June 27, 2007). In
addition, any peaks within the last 10% of the detection range (>900 nt) suffer from
greater inaccuracy due to non-linearity in the size calibration curve in that range.
Extending the capability of the CEQ-8000 has been discussed within Beckman-Coulter,
focusing on creating a size standard out to 1000 nt or beyond and determining the
accompanying operational parameters. However, they have no plans to do so at this time.
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A further issue that may be present in these results is a lack of pre16S peak size due to
slow growth conditions or low population concentration. Methanogens are known to be
slow growing organisms, with typical doubling times on the order of days. They also
typically represent a small percentage of the biomass present in anaerobic digester
sludge. As the RT-RiboSyn method is dependent on the rate of ribosome synthesis, a
slow-growing or low-population organism could be difficult to detect using the RT&PE
method inherent in this procedure. Dismissing the problems with the CEQ-8000, and
even if pre16S fragments were present in the sample, they may not be abundant enough
due to slow growth conditions. This limitation renders the RT-RiboSyn method useful for
organisms that are abundant or doubling at a rate that is detectable via production of
pre16S fragments. Methanogens are both low in population and grow at a slow rate,
indicating that they may not be easily detectable for specific growth rate analysis.

3.4.6 RT-RiboSyn Results with Anaerobic Digester Sludge and Eub338 Primer
In order to get a more complete picture of the application of the RT&PE method with
anaerobic digester sludge, samples using the Eub338 primer were prepared in tandem
with the Arch915 samples. It was expected that a large number of peaks at ~350 nt would
be present in the fragment analyses from these samples, as the biomass of syntrophic
bacteria is greater than that of the methanogens in anaerobic digester sludge. Figure 20
reveals this to be the case for a t=24 hour sample. At least two dozen peaks are labeled
between 329 and 383 nt, indicating that there are many different bacterial organisms
present. Due to the lack of chloramphenicol in the sample, there is no indication of
pre16S fragment peaks beyond a few small peaks that are too small to be readable.
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If one were to use this method to investigate the growth rate of a specific organism in
an environmental sample such as anaerobic digester sludge, it is recommended that a
more specific primer be used to target that organism than Eub338 or Arch915. Eub338
has the potential to produce many peaks as in Figure 20, and Arch915 to produce peaks
that are within a size range that cannot be trusted to be accurate.
Using genomic information to synthesize a primer to target the methanogens of
interest so that smaller fragments are generated is a possibility. Another option would be
to use a different machine than the CEQ-8000, such as the Applied Biosystems 3130XL
as an example.
Working with environmental samples such as anaerobic digester sludge in the future,
one would also be advised to use other methods first to determine the populations present
within the sample prior to investigation with RT-RiboSyn. Fingerprinting methods such
as Terminal Restriction Fragment Length Polymorphism (T-RFLP) would be beneficial
in determining which organisms to target with specific primers.
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Figure 20. RT&PE fragment analysis for sludge at t=24 hours using the Eub338 primer.
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CHAPTER 4: CONCLUSIONS

A simple F/M-based anaerobic digestion model was designed that predicted biogas
output more accurately than a commercially-available model. A molecular biology assay
was created to take advantage of the reverse transcription and primer extension method to
determine the specific growth rate of microorganisms. The following conclusions can be
made from this work.

4.1 F/M-Based Anaerobic Digestion Model
•

The SBG test is simple and fast and allows for the calibration of the F/M model
for the prediction of biogas production, which has been shown to be reasonably
accurate in comparison to three laboratory-scale reactors. The model predicts and
average steady-state biogas output within 5.0%, 14.3%, and 9.5% for 10-day, 15day, and 20-day HRT reactors, respectively.

•

A commercially-available model, BioWin 3, over-predicted the average biogas
output of the anaerobic digesters by 52.4%, 108.5%, and 97.0% for 10-day, 15day, and 20-day HRT reactors, respectively.

•

The F/M model was less accurate for the reactor with a 20-day HRT, but this may
be due to an initial overload condition or shifting microbial population dynamics.

•

The parameter F/M is a function of OLR and HRT and monitoring it could
improve the operation of existing anaerobic digesters.
100

•

The F/M model is relatively simple to set-up and customize for an anaerobic
digester without the need for dozens or parameters, which are inherent to more
complex models such as BioWin 3. Rather than spending days or weeks to
calibrate, the F/M model can be calibrated in a few hours.

•

The F/M model is not restricted to a particular feed or sludge type, as it could be
used to model a variety of anaerobic digestion processes after an SPC test. The
model could also be useful for evaluating strategies for start-up of new reactors of
the re-seeding of reactors that have been shut down for various reasons.

4.2 RT-RiboSyn Method
•

The RT-RiboSyn method has been shown to closely predict the specific growth
rate of A. calcoaceticus under different growth conditions using standard culture
media. As compared to a traditional spectrophotometric method and using a
Eub338 primer, the specific growth rate was measured within 1.6%, 10.0%, and
3.1% for cultures grown at 25º, 30º, and 35º C, respectively.

•

The RT-RiboSyn method also indicated when a culture was in stationary phase.

•

When applied to the sludge from a high-purity oxygen activated sludge system
and using an Eub338 primer, the presence of many types of bacteria was
determined but not the presence of pre16S rRNA for the Acinetobacter genus.
The specific growth rate was not able to be determined. This may be due to a
stationary phase condition.
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•

Attempts to grow a pure culture of a methanogen were not successful, but the RTRiboSyn method was able to detect 16S rRNA from M. barkeri, indicating its
applicability to Archaea.

•

Application of the RT-RiboSyn method to determine the specific growth rates of
methanogens in anaerobic digester sludge indicated the presence of Archaea,
however growth rates were not able to be determined.

•

Limitations of the capillary electrophoresis system used, as well as the small
population concentration and slow growth rates of methanogens in anaerobic
digester sludge appear to be the greatest hindrances to this method for these
anaerobic digestion sludge samples.

•

For microorganism populations that are slow growing or in low concentrations in
a sample, a modified version of RT-RiboSyn may be needed. A new version
incorporating real time quantitative reverse transcription polymerase chain
reaction (Real Time qRT-PCR) could overcome the issues inherent to slow
growth and low population concentration.
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Appendix A. F/M Anaerobic Digestion Model Supplemental Material

A.1. Equations to Determine the Biogas Generation per Feed Destroyed

These calculations pertain to the blended feed used in the experimental reactors, and
represent an upper limit on the production of biogas from PS and WAS. As wastewater is
not 100% biodegradable, a degradable fraction for each feed stream (FPS, FWAS) is added
in the model to allow the user to account for this limit.
Contribution to biogas production from digestion of primary sludge where Fs = 0.1and
Fe = 0.9:

FeRa

(0.9)

FsRe

(0.1)

- FD

Resulting in the balanced equation:
0.02 C10H19O3N + 0.09 H2O = 0.005 C5H7O2N + 0.1125 CH4 + 0.0475 CO2
+ 0.015 NH-4 + 0.015 HCO-3
On a mass basis, C10H19O3N = 201 g/mol wastewater. For each 4.02 g wastewater
(C10H19O3N), 1.8 g CH4 and 2.09 g CO2 is generated which is 0.16 mol of biogas:
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Appendix A (continued)

Contribution to biogas production from digestion of waste activated sludge where
Fs = 0.1 and Fe = 0.9:

FeRa

(0.9)

FsRe

(0.1)

- FD

Resulting in the balanced equation:
0.18 H2O + 0.05 C5H7O2N* = 0.1125 CH4 + 0.005 C5H7O2N + 0.0675 CO2
+ 0.045 HCO-3 + 0.045 NH+4
On a mass basis, C5H7O2N = 113 g/mol biomass (WAS). For each 5.65 g WAS
(C5H7O2N), 1.8 g CH4 and 2.97 g CO2 is generated which is 0.18 mol of biogas:
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As the wastewater feed blend is mixed in known quantities, the biogas contributions are
averaged:

This is in agreement with the 0.75-1.12 m3 biogas/kg VSS destroyed as published
previously (Metcalf and Eddy, 2003).

115

Appendix A (continued)
A.2. F/M Anaerobic Digestion Model Code
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Appendix A (continued)
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Appendix B. Expanded Methods and Materials

B.1. Sampling Protocol for RT-RiboSyn
The RT-RiboSyn method requires a careful sampling procedure prior to RNA
extraction and purification. Whether dealing with a pure culture or an environmental
sample, the procedure is largely the same, however the concentration of chloramphenicol
added to the sample will differ. Prior to sampling, a concentrated solution of
chloramphenicol will need to be prepared and stored on ice. Solutions that will be used at
a later date can be frozen for long term storage.
Chloramphenicol powder is added to DI water or DEPC-treated (RNAse-free) water to
a concentration of 1000 mg/L. This can be made more concentrated to 5000 mg/L if
dilution of the target sample is a concern. A mixing table makes this step easier, as a stir
bar can be added to the bottle and left to mix over a longer period of time. A low level of
heat (no more than 35-45° C) can also be added to the solution to speed up the dissolution
of the powder. Once the liquid is clear, it should be aliquoted to smaller tubes for freezer
storage and ease of use.
Based on experiences with different kinds of samples, it has been found that pure
culture samples (grown in broth) respond favorably to a final concentration of 20 µg/L of
chloramphenicol. For environmental samples, such as wastewater, a final concentration
of 100-200 µg/L of chloramphenicol is best to overcome absorption by extraneous
material in the sample.
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The time frame for sampling should be estimated based on the assumed specific
growth rate of the target organism(s) in the sample. Faster growing organisms should be
sampled at shorter time intervals than slower growing organisms. For instance,
Escherichia coli should be sampled every few minutes, whereas slower growing
organisms might be sampled every 4-6 hours. Samples should be taken from a
chloramphenicol-treated sample at least five to six times over the course of the sampling
time frame.

B.1.1. Protocol
1.) Chloramphenicol solution is added to a subsample of the master biological sample to
reach the desired final concentration of chloramphenicol in the sample.
2.) A timer is started and the first sample is taken. Typically, samples are taken in 2 ml
screw-top microcentrifuge tubes for later RNA extraction. Two to four samples are
taken at each time step.
3.) Centrifuge samples immediately for 3-5 minutes at a minimum 10,000 g force.
4.) Decant samples and immediately place in -80º C freezer for storage until ready for
RNA extraction.
5.) Repeat steps 2-4, taking samples at regular desired intervals.
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B.2. Phenol-Chloroform RNA Extraction Method (Stahl et al, 1988)
Materials needed: pH 5.1 Phenol and buffer, 10% Sodium dodecyl sulfate (SDS)
solution, Chloroform, RNAse-free water, Pure Ethanol, 0.1 mm diameter RNAse-free
Zirconium beads, 2mL snap-cap and screw-cap micro centrifuge tubes
Equipment needed: Water bath (set to 60° C), Micro centrifuge, Vortex Genie, Freezers (20° C and -80° C), Cell disruptor (such as Disruptor Genie® or Beadbeater)

B.2.1. Sample Preparation
Samples are prepared in 2 mL screw-cap tubes to allow for cell disruption without
spillage. The most crucial part of the sample preparation is to not overload the Phenol
with organic material that does not contain RNA. Depending on the sample type, samples
may need to be split into several tubes to prevent overloading. A typical sample should be
100-300 mg of wet cell mass.
In each sample tube, add the following to the sample in order listed: pH 5.1 buffer to
bring volume to 0.5 mL, 0.5 g Zirconium beads, 100 µL 10% SDS solution, and then pH
5.1 Phenol to within about 5 mL of the top of the sample tube. It is important to leave
some headspace in order to allow the cell disruptor to work properly. In subsequent steps,
each sample must be maintained in separate tubes. Meaning, samples should not be
combined.
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B.2.2. Cell Disruption and RNA Isolation
1.) Place sample tubes in cell disruptor and turn it to maximum power. If using the
Beadbeater, set the time for 2 minutes. If using the Disruptor Genie®, set it for 5
minutes.
2.) Place samples in 60° C water bath for 10 minutes.
3.) Repeat step 1.
4.) Centrifuge samples at 5000 rpm for 5 minutes to pelletize the Zirconium beads.
5.) Transfer aqueous (clear) and organic phase (remaining liquid) to a new snap-cap tube.
Leave zirconium beads in screw-cap tube.
6.) Rinse beads with 200 mL of the pH 5.1 buffer. Vortex tube to ensure good washing.
7.) Place samples in cell disruptor for 1 min (Beadbeater) or 3 minutes (Distruptor
Genie®).
8.) Centrifuge samples at 5000 rpm for 5 minutes to pelletize the Zirconium beads.
9.) Transfer remaining aqueous and organic phases to the previously collected samples.
10.) Centrifuge samples at 10,000 rpm for 10 minutes to separate aqueous and organic
phases.
11.) Transfer the aqueous phase to a new snap-cap tube. Avoid transferring the protein
(white layer) to the new tube.
12.) If needed, the samples can be refrigerated at this point for a short time
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B.2.3. RNA Purification
1.) Add 1 mL of pH 5.1 Phenol to each sample and vortex tube to mix thoroughly.
2.) Centrifuge samples at 10,000 rpm for 10 minutes to separate aqueous and organic
phases.
3.) Transfer aqueous phase to a new tube.
4.) Prepare a mixture of four parts Phenol to 1 part Chloroform. Avoid adding the buffer
phase from the Phenol tube.
5.) To each sample, add an equal volume of 4:1 Phenol:Chloroform and vortex the tubes
to mix thoroughly.
6.) Centrifuge the samples at 10,000 rpm for 10 minutes to separate aqueous and organic
phases.
7.) Transfer the aqueous phase to a new tube.
8.) Repeat steps 17 through 19.
9.) Add an equal volume of Chloroform to each sample and vortex the tubes to mix
thoroughly.
10.) Centrifuge the samples at 10,000 rpm for 10 minutes to separate aqueous and
Chloroform phases. Tilting the tube back about 30° and pipetting from the front of
the tube will aid in extracting the aqueous phase from the Chloroform.
11.) Transfer the aqueous phase to a new tube. Add two volumes of pure Ethanol to each
sample and vortex to mix thoroughly. Place the samples in a -20° C freezer
overnight or a -80° C freezer for 30 minutes.
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12.) Centrifuge the samples at 13,200 rpm (maximum speed) for 30 minutes.
13.) Decant each sample carefully and leave caps open. Place sample tubes on their sides
on a clean surface to dry. Depending on conditions, this could take a few hours.
14.) Once dry, resuspend the bead of nucleic acids in the sample tubes in RNAse-free
water to a desired volume. 10-30 µL is typical.
15.) Store samples at -80° C for long term storage.
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B.3. RNAqueous® Kit for RNA Purification

The RNAqueous® kit is a molecular biology product made by Ambion, Inc. (Austin,
TX) that can be used to purify total RNA from small samples of tissue or cultured cells. It
utilizes a guanidinium thiocyanate solution to lyse cells inactivate ribonucleases. For this
work, it is used to further purify the RNA extracted with the Phenol-Chloroform RNA
extraction method. Prior to using this method, a dry bath should be preheated to 70° C.
Equipment needed: Dry bath (set to 70° C), Micro centrifuge, Vortex Genie, Freezer (80° C)

B.3.1. Protocol
1.) Samples are mixed with twelve (12) times the volume of the Lysis/Binding solution.
Vortex the sample tubes and let the samples sit for a few minutes at room temperature.
This solution makes the RNA stick to the cartridge filter used in the following steps.
2.) Add 60 µL of the Elution Solution for each sample being treated to two 500 µL tubes.
It is advised to use more than is needed, since some evaporation may occur. Depending
on the number of samples being treated, more than two tubes may be needed.
3.) Add an equal volume of 64% ethanol solution to each sample tube.
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4.) Place a filter cartridge into fresh tubes (both provided with kit) so that you have a
filter/tube combination for each sample tube. Add up to 700 µL of each sample to the
corresponding filter cartridge tube. Centrifuge the filter cartridge tubes at 10,000 g for
1 minute. Discard filtered liquid.
5.) If there is more than 700 µL to filter, repeat step 3 until all the liquid has been filtered.
6.) Apply 700 µL of Wash Solution #1 to each tube and centrifuge at 10,000 g for 1
minute. Discard filtered liquid.
7.) Apply 500 µL of Wash Solution #2/#3 to each tube and centrifuge at 10,000 g for 1
minute and discard filtered liquid.
8.) Repeat step 7. Once filtered liquid has been discarded, replace the filter cartridge and
centrifuge for an additional 30 seconds.
9.) Move the filter cartridges to fresh sample tubes, and discard the original tubes.
10.) Place the sample tubes into the centrifuge with the snap caps opened. Aliquot 60 µL
of the hot Elution Solution to the middle of each filter. This step must be completed
swiftly.
11.) Once the Elution Solution has been added to each tube, quickly close the
snap cap on each tube and centrifuge the tubes at 10,000 g for 30 seconds.
12.) Repeat step 10 and collect the 120 µL of filtrate in the same tube.
13.) Discard the filter cartridge and add half the volume (60 µL) of Lithium Chloride to
each sample and vortex for 1 second to mix thoroughly.
14.) Incubate the samples at -20° C for 30 minutes.
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15.) Centrifuge at maximum speed (13,200 rpm) for 15 minutes to concentrate the RNA
at the bottom of the tubes. Use a pipette to carefully remove the supernatant from
each tube.
16.) Add 25 µL of cold 70% ethanol solution to each tube. Centrifuge at maximum speed
for 5 minutes. Carefully remove supernatant.
17.) Leave caps open and place sample tubes on their sides on a clean surface to dry.
Depending on conditions, this could take a few hours.
18.) Once dry, resuspend the bead of nucleic acids in the sample tubes in RNAse-free
water to a desired volume. 10-30 µL is typical. Store samples at -80° C for long term
storage.
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B.4. DNA-free™ DNAse Treatment Kit for DNA Removal

The DNA-free™ DNAse Treatment kit is a molecular biology reagent kit
manufactured by Ambion, Inc. (Austin, TX) that can be used to remove trace amounts of
contaminant DNA from RNA samples. It utilizes DNAse I to remove DNA from RNA
samples, followed by a DNAse Removal Reagent to deactivate the DNAse I. For this
work, this kit is used after the RNAqueous® kit as a final purification step prior to the
reverse transcription (RT) step.
Equipment needed: Water bath (set to 37° C), Micro centrifuge, Vortex Genie, Freezer
(-80° C)

B.4.1. Protocol
1.) Add 0.1 volume of 10x DNAse I buffer to each sample.
2.) Add 2 µL of DNAse I to each sample. Mix each sample gently using a Vortex Genie.
3.) Place samples in 37° C water bath for 1 hour.
4.) Add 0.1 volume of DNAse Removal Agent to each sample. Flick tubes gently to mix
samples with agent.
5.) Incubate samples at room temperature for 2 minutes, gently mixing several times
during the incubation period.
6.) Centrifuge samples at 10,000 g for 1.5 minutes.
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7.) Transfer supernatant of each sample to new tubes. Leave the DNAse I Removal
Agent (white) behind. Store the purified RNA samples at -80° C for long term
storage.
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B.5. ImProm-II™ Reverse Transcription System

The ImProm-II™ Reverse Transcription System is a molecular biology kit
manufactured by Promega Corporation (Madison, WI) for the synthesis of first-strand
cDNA typically for preparation of samples prior to PCR amplification. For this work, we
are not using PCR, so in fact we utilize just the cDNA copies synthesized by this process.
If these samples are to be analyzed using the Beckman-Coulter CEQ-8000 system, the
primer used will need to have a WellRed fluorescent label. If the user is interested in
extending the life of the kit, the reactions can be cut volumetrically in half.
Equipment needed: Water bath or heating block set to 25° C, Heating block set to 85°
C, Water bath set to 37° C, and Water bath set to temperature required for primer (e.g.
42° C for Eub338, or 47° C for Acin0659 primer), Vortex Genie, shaved ice with
container, Freezer (-80° C)

B.5.1. Protocol
1.) Prepare a master mix in one tube from the materials in the kit in the following order
and amounts for each sample: 6.5 µL RNAse-free water, 4.0 µL 5x Reaction buffer,
2.0 µL MgCl2 solution, 1.0 µL dNTP mix, 0.5 µL RNAsin inhibitor, and 1.0 µL
RTase. While preparing this mix, place the tube in an ice bath.
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2.) Prepare samples on ice by mixing them with the primer to be used. This mixture can
be up to 5 µL for each sample. For instance, a sample/primer mix might be 3 µL RNA
solution with 2 µL primer solution. However, the amount of RNA should be limited
to 1 µg of material.
3.) Add 15 µL of master mix to each sample. Anneal the samples at 25° C for 5 minutes.
4.) Anneal the samples for 1 hour in a water bath at the temperature required for the
primer being used.
5.) Move the samples to the 85° C heating block for 15 minutes to deactivate the RNAsin
inhibitor.
6.) While waiting during Step 5, prepare an ice/water bath so as to create a firm slurry.
Once the 15 minutes are elapsed, quickly move the samples to the ice bath and leave
them there for 5 minutes.
7.) Add two volumes (usually 40 µL) of RNAse A cocktail to each sample.
8.) Place the samples in a 37° C water bath for 30 minutes.
9.) The samples are now ready for fragment analysis.
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Table B1. Annealing temperatures for selected WellRed-labelled primers.

Primer
Eub338

Annealing
Temperature (°C)
42° C

Acin0659

47° C

Arch915

48° C
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B.6. Fluorescence in situ Hybridization (FISH) Protocol (Amman et al, 1990)

B.6.1. Buffer Preparation
1.) Hybridization buffer
Combine the following (in order) in a 2 ml microcentrifuge tube:
360 µL 5M NaCl solution
40 µL 1M Tris-HCl solution
X µL deionized formamide (depending on needed % for chosen probe)
e.g. a probe requiring 20% formamide would need 400 µL formamide
Deionized water to 2 mL total volume
2 µL 10% SDS solution
Preheat a hybridization oven to 46º C
2.) Washing buffer
Combine the following (in order) in a 50 mL conical tube:
1 mL 1M Tris-HCl solution
Y µL 5M NaCl solution (see Table B2 to determine required volume)
e.g. Y=2150 µL for 20% formamide concentration in the hybridization
buffer
Z µL 0.5M EDTA solution (see Table B2 to determine required volume)
e.g. Z=500 µL for 20% formamide concentration in the hybridization buffer
Fill to 50 mL using deionized water
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50 µL 10% SDS solution
Place cap on tube and put tube in 48º C water bath (upright)

B.6.2. Placing Sample(s) on Slide
1.) Mark slides with pencil, as pen or marker will wash off in the Washing Buffer
2.) Dot ~2 µL of stored FISH sample per slide well (see Figure B1)
3.) Place the slide in the hybridization oven for 5 minutes
4.) Dehydrate slides in 50%, 80%, and 100% ethanol for 1 minute each – this is best
accomplished by having three 50 mL conical tubes of these solutions ready for use.
Lower the slide into the 50% ethanol/water solution for 1 minute, remove with
tweezers and shake to remove excess liquid, and place into the 80% ethanol tube.
Repeat with the 100% ethanol tube.
5.) Dry slide in hybridization oven for 1 minute.

B.6.3. In situ Hybridization Buffer
1.) For each slide well containing sample, 10 µL of in situ hybridization buffer will be
required.
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2.) Prepare the in situ hybridization buffer by mixing 1 µL of fluorescently labeled probe
(50 ng/µL) with 9 µL of hybridization buffer for each sample being tested. For
instance, 8 samples will require 8 µL of fluorescently labeled probe mixed with 72 µL
of hybridization buffer. It is also prudent to mix an extra quantity to ensure full
coverage of the samples with in situ hybridization buffer. A good practice is to mix
20% more than is needed.

Figure B1. Dotting sample(s) on slide well(s).

3.) Apply 10 µL of in situ hybridization buffer (from step 3b) to each well containing
sample. Make sure the material in the sample is covered completely by the buffer.
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4.) Add the sample slide well-side up to the hybridization chamber and place a folded
Kimwipe into the hybridization chamber as shown in Figure B2. Add remainder of
hybridization buffer to the Kimwipe so that it is soaked.
5.) Keep the chamber horizontal as to prevent contamination of the slide wells and the
samples they contain. Replace lid on hybridization chamber.
6.) Place hybridization chamber(s) in hybridization oven at 46º C for 60-120 minutes.

B.6.4. Move Slides to Washing Buffer
1.) Remove sample slide from hybridization chamber(s) and rinse them with a small
amount of Washing Buffer. This is to remove excess probe.
2.) Place the slide into the tube of Washing Buffer for 30 minutes at 48º C. Replace cap
on the tube of Washing Buffer.

Add buffer here

Figure B2. Placing sample slide and folded Kimwipe in hybridization chamber.
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B.6.5. Rinse Slide and Store
1.) Remove slide from Washing Buffer and rinse in a beaker of deionized water.
2.) Shake slide to remove excess water and store at an angle to allow for drying. Keep
the slide out of direct light to prevent bleaching of fluorescent label of the probe.
3.) Slides can be stored in a container (50 mL conical tube is ideal) in the dark at -20º C
at this point if desired. Otherwise, carry on to DAPI staining. Drying should take no
more than 15 minutes.

B.6.6. Counter Stain Cells with DAPI Nucleic Acid Stain
1.) Prepare a DAPI solution of 1 µg/mL. The volume required is 100 µL per sample well.
As was the case with the in situ hybridization buffer, it is prudent to make more than
needed to ensure total coverage of the sample wells.
2.) Using a pipette, add approximately 100 µL if DAPI stain solution to each sample well
on the slide and let sit undisturbed for 1 minute.
3.) Shake slide in sink to remove DAPI stain from slide, and then gently swirl the slide in
a beaker of deionized water. This entire step should be performed in just a few
seconds.
4.) Shake slide to remove excess water and store at an angle to allow for drying. Keep
the slide out of direct light to prevent bleaching of DAPI or fluorescent label of the
probe. Drying should take no more than 15 minutes.
5.) Once dry, the samples are ready for epifluorescent microscope examination.
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Table B2. Washing buffer formulation depending on formamide concentration in the
hybridization buffer.
% formamide in
hybridization
buffer
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

NaCl
mM

5M NaCl (=Y)

0.5M EDTA

µl

µl

900
636
450
318
225
159
112
80
56
40
28
20
14
10
7
5
3.5
2.5
1.75
1.24

9000
6300
4500
3180
2150
1490
1020
700
460
300
180
100
40
-

500
500
500
500
500
500
500
500
500
500
350
250
175
125
88
62

For formamide concentrations of 65% and greater, enough NaCl is present in the
EDTA for adequate washing.
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Appendix C. Reprint of Published RT-RiboSyn Article
C.1. Full AEM Article
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Figure C1. Electropherogram of RT-RiboSyn products derived from A. calcoaceticus incubated in nutrient broth at 25 °C after
exposure to chloramphenicol for zero minutes.
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Figure C2. Electropherogram of RT-RiboSyn products derived from A. calcoaceticus incubated in nutrient broth at 25 °C after
exposure to chloramphenicol for twenty minutes
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C.2. Permission to Reprint AEM Article
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Appendix D. Beckman-Coulter CEQ-8000 Detection Limits

D.1. CEQ-8000 Genetic Analysis System
The Beckman-Coulter CEQ-8000 Genetic Analysis System is the principal instrument
used in this work to detect the ssDNA fragments generated from the RT-RiboSyn
method. The CEQ-8000 system (CEQ) is an automated capillary gel electrophoresis
system capable of analyzing fragment lengths and abundance from eight samples at a
time. Beckman-Coulter manufactures size standards up to 640 nt in length, with greater
length size standards offered by another vendor. After analysis, a signal strength vs.
fragment length electropherogram is created for each sample along with the numerical
data used to create the graph. It is this list of fragment lengths and abundance that are
used to determine the pre16S:16S data as shown in Figure 10.
In order to use the CEQ and be confident that sample fragments are being accurately
detected, the minimum mass detection limit for the instrument must be determined. While
this may not be as big a concern for pure culture samples in which specific RNA is
plentiful, in environmental samples such as anaerobic digester sludge, a targeted
population may only exist in small concentrations within that sample. For instance, it has
been demonstrated that methanogen populations make up only 3-9% of the microbial
community in anaerobic digester sludge (Griffin et al, 1997) (McMahon et al, 2004). The
question then becomes whether or not the CEQ will even detect these populations in a
fashion that will provide useful information to allow for the determination of pre16S:16S
data.
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D.2. Determination of CEQ-8000 Detection Limits
The manner in which this lower detection limit was determined was simple. RNA was
extracted from frozen concentrated cell pellets of Acinetobacter calcoaceticus as
described in Chapter 3. Three cell pellets were used in the extraction, representing a time
series of 0, 10, and 20 minutes of exposure to chloramphenicol before centrifugation and
freezing. Final concentration of the extracted RNA was determined by using the
Invitrogen Qubit™ Quantitation Platform, which is a highly sensitive fluorometer that
can distinguish between RNA and DNA through the use of an Quant-iT™ RNA Assay
Kit. After an initial full-concentration ssDNA mass of 49.2, 62.4, and 75.0 ng for the
time= 0, 10, and 20 minute samples, respectively, a dilution series (10x to 1000000x) was
created for each of the three samples. The CEQ fragment analysis of these samples is
presented in Figures C1 through C4. Figures C1 and C2 present the average 16S and
pre16S peak height, respectively, for each sample in the dilution series for each of the
three time series samples. Figures C3 and C4 present the 16S and pre16S, respectively,
peak height versus the total fragment mass per sample.
These data indicate that dilution factors greater than three will eliminate detection of
either 16S or pre16S peaks, with final lower detection limits of about 0.1 ng. In order to
achieve levels great enough to be detected and measured, the peak height must be greater
than about signal noise inherent in . The best use of these data are for determination of
microorganism presence rather than fragment mass, as variations such as temperature and
capillary array/gel age within the CEQ are likely to render these attempts outside of the
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purpose of the instrument. For detecting the presence of minor populations, concentrating
samples is a good practice to maximize the chance to generate detectable fragments.
Earlier work (McMahon et al, 2004) has estimated the mass levels of typical anaerobic
digester sludge populations that can be expected. Table C1 indicates that we can expect
adequate mass of RNA to be extracted from samples of anaerobic digester sludge to be
detectable by the CEQ.

Table D1. Expected mass of rRNA available in a standard sample of anaerobic digester
sludge (2 mL) and per RT reaction (10 µg total) for several examples of syntrophic
bacteria and methanogens found in anaerobic digester sludge.

Organism type

Syntrophs

Methanogens

Genus and species
Syntrophobacter
fumaroxidans
Syntrophobacter pfennigii
Syntrophobacter wolinii
Syntrophomonadacea spp.
Methanosarcina spp.
Methanosaeta concilii
Methanobacteriaceae spp.
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Total mass (µg)

Mass in RT reaction (µg)

78.4
100.45
105.35
267.05
29.4
595.35
29.4

0.03
0.04
0.04
0.11
0.01
0.24
0.01
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16S Peak Height vs. Dilution Factor
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Figure D1. 16S peak height vs. dilution factor from CEQ fragment analysis
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Figure D2. Pre16S peak height vs. dilution factor from CEQ fragment analysis
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16S Peak Height vs. Total Fragment Mass
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Figure D3. 16S peak height vs. total fragment mass
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Figure D4. Pre16S peak height vs. total fragment mass
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